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1 Introduction
Graphene is a two dimensional sheet of carbon, just as it occours naturally
in graphite. Intense research on the electronic properties of graphene was
initiated in 2004 using both exfoliated [1] and epitaxial [2] graphene. From
then on, theoretical and experimental efforts enabled one to unravel some of
the unique physical properties of graphene [3, 4]. The chemical deposition of
carbon on metal substrates has been extensively studied from the 1970s to
1990s. A major motivation for studying these graphite films was the passi-
vation of catalysts by carbon films known as poisoning, but the properties of
graphene were not investigated in detail. The studies of the electronic elec-
tronic properties which brought to light the field effect, the existence of Dirac
fermions, and the half integer quantum hall effect fueled an enormous growth
of the interest in graphene. While in May 2006 when Berger et al. published
their results on the Hall effect in graphene in SiC, there were eight papers
with the word graphene in the title, three years later in May 2009, there were
about one hundred such papers.
At the heart of the scientific interest are the consequences of the unique
band structure of graphene which arises from its lattice symmetry and its
monoatomic thickness [5]. The high mobility of electrons in graphene and the
strong electric field effect encourage work to realize graphene based electronics
[4]. Moreover, the use of graphene for transparent conducting electrodes [6,7],
to realize photosensitive transistors [8], ultracapacitors [9], or novel chemical
sensors [10] is envisioned. Due to the increasing importance of graphene, it
is desirable to obtain a thorough understanding of the structure of graphene
on metals and of its interplay with the underlying substrate.
Graphene is manufactured mainly in three ways: by exfoliation from highly
oriented pyrolytic graphite (HOPG) [1, 11], by the epitaxial growth in sili-
8 Introduction
con carbide [2, 12, 13] and by the epitaxial growth on metals. Exfoliation of
graphene was the basis for the exploration of the exciting electronic proper-
ties of graphene. They were primarily explored with transport measurements
of devices built on flakes of exfoliated graphene on SiO2. Nevertheless there
appears to be consensus, that for future scientific exploration and technolog-
ical applications, epitaxial growth of high quality graphene over large areas
is a prerequisite [12,14–19].
The graphene-metal interface is a model system where the interaction be-
tween the graphene π-bands and the metal bands can be investigated. This
has relevance to contacting of graphene with metal electrodes. The carbon
hybridization and also the epitaxial relationship with the metal substrate
were proposed to influence the contact transmittance [20,21] and cause local
doping of graphene [22, 23]. A variety of situations regarding the interplay
of graphene and its metal support is realized depending on the support ma-
terial. This ranges from almost no interaction in the case of Ir(111) [24] to
deep a modification of the electronic structure in the case of a graphene mono-
layer on Ni(111) [25, 26] or Ru(0001) [15, 27]. Other fundamental questions
come along with the graphene/metal interface, in particular considering su-
percurrent with Dirac-like electrons flowing between two metallic electrodes
coupled through a graphene layer to a superconductor [28]. Regarding spin-
tronics, recent work focussing on spin filtering highlighted the relevance of
epitaxial graphene on a ferromagnetic metal, like Ni or Co [29–31]. Graphene
potentially constitutes a new material for electronic circuitry with vastly im-
proved transport properties compared to traditional silicon [1]. A large scale
application of graphene crucially hinges on a fabrication method that yields
perfect graphene sheets, that is low-cost and reliable.
Using chemical vapor deposition (CVD) to grow graphene on metals re-
cently was found to yield large graphene sheets of uniform monoatomic thick-
ness [15–17,32]. This form of epitaxy, which occurs through ethylene decom-
position on the uncovered parts of the metal substrate, by nature limits the
thickness of the graphene sheets to a single atomic layer on some metals, in
contrast to e.g. evaporation of Si on SiC substrates [12, 14]. Epitaxy thus
appears to be the route of choice for fabrication of large graphene sheets.
9Accordingly, graphene was synthesized onto Co(0001) [33], Ni(111) [34],
Pt(111) [35–37], Pd(111) [38, 39], Ru(0001) [15, 19, 40], or Ir(111) [41–43].
For small lattice mismatches below 1%, commensurate superstructures are
formed, as it is the case for Co(0001) [33] and Ni(111) [34]. In contrast, larger
mismatches can yield incommensurate moire´ superstructures, for instance, on
Pt(111) [35], Ir(111) [32], or Ru(0001) [19,44].
An application of the moire´ of graphene on Ir(111) has been demonstrated
prior to this work: the moire´ can serve as a template for the growth of ordered
cluster superlattices. Small clusters, comprising a few to a few hundred atoms,
are a distinct state of matter differing in many respects from bulk matter of
the same material. Their properties depend crucially on their size and their
environment [45,46]. A pure metal surface interacts strongly with the clusters
and makes them lose their individual character. Therefore weakly interacting
substrates are desirable. Highly oriented pyrolytic graphite (HOPG) or MoS2,
both layered materials with very inert surfaces, have been chosen as supports.
However, the drawback of weak binding is that clusters can be mobile at room
temperature, allowing them to coalesce randomly and aggregate at defects
and step edges [47].
These difficulties can be avoided by growing the clusters directly on a tem-
plated surface in ordered arrays. The moire´ superstructure of graphene on
Ir(111) is a suitable template for the growth of well ordered Ir cluster ar-
rays [42].
The aim of this thesis is to understand and optimize the growth of graphene
on Ir(111), which is a unique system due to the weak interaction [24] but yet
homogeneous orientation of graphene grown on it. A second motivation apart
from the interest in graphene as such was the possibility to grow well ordered
cluster arrays of Ir on the moire´ of graphene on Ir(111) [42]. In order to
generalize this technique and maybe lead cluster lattices to application, a full
coverage of graphene with a well aligned orientation is necessary. This goal
has been achieved and, along with many other results, the versatility of the
cluster growth mechanism towards several metals is shown.
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2 Background
Graphene is a two dimensional crystal of sp2 bonded carbon as it occurs nat-
urally in graphite. Many years ago, the wish to understand graphite, which
was and still is relevant to technology, was the main motivation in dealing
with graphene, which was called monolayer graphite in these times. A sec-
ond reason, more relevant to experimentalists, was that graphene layers grow
on the surfaces of many transition metals upon annealing in a hydrocarbon
atmosphere. What is nowadays a technique, was an unwanted side effect
in catalytic processes, as it lead to the passivation of catalysts, known as
poisoning. Graphene has thus been studied theoretically [4, 5, 48] and exper-
imentally [35,35,38,49,50] for many decades.
The impetus in graphene research however can by understood in front of
the background of a general interest in nanoscopic carbon allotropes. This
interest grew over a few decades 1. In this environment graphene was re-
introduced not as a model system for graphite, but as a two dimensional
allotrope of carbon, similar to fullerenes and nanotubes [3]. With it came
fascinating properties such as the Dirac behavior of charge carriers, the half
integer quantum hall effect and even its mere existence: Free standing two
dimensional structures had been predicted to be instable [55].
The electronic peculiarities have fostered the interest in graphene. In this
chapter a few of these unusual properties of graphene will be discussed. Then,
the major routes of graphene preparation (mechanical exfoliation, epitaxial
graphene on SiC, epitaxial graphene on a metal surface) will be presented.
Finally some light will be shed on potential applications of graphene, such as
the graphene transistor or the chemical sensor.
1Fullerenes were predicted in 1970, then with a higher impact prepared in 1985 [51, 52],
Nobel Prize 1996. Nanotubes were first shown 1991 [53], see [54] for a historical review
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Figure 2.1: (a) The band structure of graphene (only pi-band). The
energy is given in units of t. The bands cross the Fermi level at the K-
points. A zoom in is shown in (b). [4]
2.1 Peculiarities of graphene
2.1.1 Band Structure
The most prominent electronic features of graphene are rooted in it’s band
structure. The π-band is of particular interest, because it develops the Dirac
cone at the k-points of the Brillouin zone. This band structure can be analyt-
ically calculated in the tight binding approximation [5,56]. The assumptions
are simple: the derivation takes the form of the unit cell and one electron
per atom contributing to the pi-band. The wave function overlap between
neighboring atoms is assumed to be negligible [5]. The Hamiltonian is given
by a constant t for the interaction of electrons of neighboring atoms.
This yields an energy dispersion of
ǫ(~k) = −t
√√√√3 + 4 cos
(
kx
a
√
3
2
)
cos
(
ky
3a
2
)
+ 2 cos
(
kya
√
3
)
(2.1)
A plot of the corresponding band structure is shown in fig. 2.1. For the
complete derivation see appendix B.
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The density of states in graphene vanishes at the Fermi level but graphene
does not have a band gap. The band below the Fermi level is exactly filled,
the band above is completely empty. This is why graphene is not a metal,
but rather a zero band gap semiconductor.
The band structure can be modified by external fields. A periodic potential
coined on graphene is predicted to result in multiple Dirac points [57]. This
has been shown by calculations with Kronig-Penney type of potential (perodic
potential wells) applied to graphene (see fig. 2.2 (a) ). The changes around
the Dirac point are shown in fig. 2.2 (b)-(d). In the case with the applied
potential, additional Dirac cones take shape. The number of additional Dirac
cones increases in discrete steps with increasing corrugation of the potential
(see fig. 2.2 (d).
The emergence of additional Dirac points in the presence of a periodic
potential is consistent with measurements of the band structure of graphene
on Ir(111) which is subject to a periodic moire´ undulation. There, a hexagon
of replica cones is found around the k-point. The distance of the replica
k-points to the original k-koint is 2π/L [24].
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Figure 2.2: (a) Schematic diagram of a Kronig-Penney potential applied
to graphene with strength U0/2 inside the gray regions and −U0/2 outside
with lattice period L and barrier width L/2. (b) Band structure of pristine
graphene around the k-point (kx = ky = 0). The reciprocal wave vector
components kx and ky are given in units of the superperiodic potential
1/80 of the BZ of graphene. (c) The band structure of graphene under a
superperiodic potential (L=20 nm, U0 ≈ 0.6 eV). There are two additional
Dirac cones. (d) Number depending on the height of the potential barrier
U which is proportional to the parameter ǫL = ~v0/L, with the Ferli veloc-
ity v0; here ǫL = 33meV. Every 4πǫL, the band structure exhibits another
pair of Dirac cones. [57]
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2.1.2 Half Integer Quantum Hall Effect and Dirac
Fermions
Among the electronic features of epitaxial graphene, which have raised a lot
of attention is the half integer quantum hall effect. It is based on based on
the regular quantum hall effect with a non zero Berry’s phase. This non
zero Berry’s phase is the proof for the actual existence of Dirac type charge
carriers.
The half integer quantum hall effect has been measured in gated exfoliated
graphene in a hall probe geometry on SiO2 on Si [58, 59] and in epitaxial
graphene on SiC [60]. It can also be demonstrated with infrared spectroscopy
of Landau levels in epitaxial graphene on SiC [61]. The early experiments have
been done with magnetic fields of several Tesla and at cryogenic temperatures
of 4.2K and less. Later, the detection of the corresponding quantum Hall
plateaus has been pushed to higher temperatures and lower fields [62,63].
Many experiments make use of the electric field effect in graphene.
Graphene is only one atomic layer thick, which is smaller then the screen-
ing length of the electric field in graphite of about 1.2 nm [64]. This way, the
charge carrier concentration can be tuned by an external electric field applied
through a gate voltage Vg [1]. The linear dependence of charge carrier density
on the gate voltage for electrons and holes without a magnetic field as shown
in fig. 2.3 is consistent with the calculated linear band structure of graphene
around the Fermi level.
The graphene sample is arranged in a hall bar setup which allows to measure
the charge carrier density n and the charge carrier mobility µ.
By tuning the magnetic field at fixed voltage Vg or by tuning the voltage
at a constant magnetic field quantum Hall plateaus can be detected. The
corresponding Landau levels are separated by an energy En.
In fig. 2.4 the Hall conductivity (red curve) and the longitudinal resistivity
(green curve) in dependence of the charge carrier density n are shown. In
reference [61] the Landau levels are probed with infrared transmission spec-
troscopy. Electrons are exited from a filled Landau level to an empty one
with infrared light resulting in a diminished transmission.
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Figure 2.3: Charge carrier density n over the gate voltage VG [1].
Figure 2.4: Quantum Hall effect for massless Dirac fermions. The Hall
conductivity σxy (red curve) and longitudinal resistivity ρxx (green curve)
of graphene as a function of the charge carrier concentration (tuned by the
field effect) at B=14T and T=4K. Inset: σxy in bilayer graphene. The
quantization sequence is as usual and occurs at integer n. [59]
2.1 Peculiarities of graphene 17
The position of the Landau levels depends on the form of the electronic
band structure close to the Fermi level. For electrons usually the bands
separate quadratically and the energy of the nth Landau level is given by
En =
(
n+
1
2
)
~B
m
(2.2)
If the bands separate linearly, which is equivalent to the statement that Dirac
fermions are present [65,66], the energies are given by:
En = sign(n) c
∗ √2e~B|n| = sign(n)E1√|n| (2.3)
For usual electrons, the plateaus in resistivity are have values of integer multi-
ples of the conductivity quantum e2/h times the degeneracy f of the involved
electronic states and a linear dependence of En from the level index n and
from the magnetic field B as follows from equation 2.2. The experiments
with graphene have shown the square root dependence of E from B and n.
The quantum hall effect plateaus in conductivity at half integer multiples of
fe2/h. This is inconsistent with equation 2.2 but consistent with equation
2.3.
So, it is evidenced that the half integer quantum hall effect exists and
therefore Dirac fermions are present in exfoliated and in epitaxial graphene.
The quantum hall effect can even be witnessed at room temperature [62].
Recently the Landau level structure of graphene on graphite has been ob-
served with scanning tunneling spectroscopy (STS) [67] and with Terahertz
spectroscopy [63]. The experiments show that the Landau levels persist at
very low fields of less the 20mT (see figure 2.5).
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Figure 2.5: (a) Field dependence of tunneling spectra of decoupled
graphene on graphite showing sequences of Landau levels or various mag-
netic fields. The peaks are labeled with the Landau level index n. Each
spectrum is shifted by 80 pA/V for clarity [67]. (b) Magneto-absorption
spectrum (after removing a weak linear background) measured at T=25K
and microwave frequency ~ω = 1.171 eV [63]
.
2.1.3 Edge state
The band structure of graphene has been calculated for large flakes. Also the
above measurements are done on flakes of sizes in the order of micrometers,
so the edges only play a minor role. In fact, the electronic structure near
the edge is very distinct from the electronic structure of an infinite graphene
crystal. Small graphene structures are an ideal object to study effects of the
edges. There are two types of edges in graphene, zig-zag edges and armchair
edges as shown in fig. 2.6.
A striking feature is, that at at the zig zag edge, a localized edge state of
pi electrons develops, while the armchair edge does not show such a state [4].
This effect has been shown theoretically for graphene nanoflakes already to
decades ago (see fig. 2.7 [69]).
Due to the limited number of atoms to consider in one direction while keep-
ing the periodicity in the other graphene nanoribbons are a particularly pop-
ular system for the theoretical study of such effects within the tight binding
model or with density functional theory. Varying the width of such graphene
nanoribbons allows to enhance the understanding of the nature of the edge
state. The width of the graphene nanoribbons is measured in the number of
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Figure 2.6: Graphene nanoribbons with two distinct types of edges: (a)
an armchair ribbon and (b) a zigzag ribbon. The edge sites are indicated by
solid circles on each side. The arrows indicate the translational directions
of the graphene ribbons. The width N of the ribbons is measured by the
number of dimer rows in the case of armchair ribbons and as the number
of zig zag rows in case of zig zag ribbons [68].
Figure 2.7: Average electron densities in the highest occupied molecular
orbitals of hydrogen terminated graphene flakes. (a) Armchair edged flake
with 222 C-atoms. No edge state is present. (b) Zig-zag edged flake with
216 C-atoms. The electron density at the edges is notably enhanced. [69]
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Figure 2.8: Density of states of zig zag ribbons of different widths: (a)
N = 6, (b) N = 11, and (c) N=51. Even for the wides flake, the density
of states, which is localized in the edge state is a notable feature at the
Fermi level [68].
N dimer rows for armchair ribbons or zig-zag rows for zig-zag ribbons in the
ribbon (see fig. 2.6).
The band structure of armchair nanoribbon does not show a pronounced
edge state, but it exhibits a band gap. This band gap is important for po-
tential applications in a graphene transistor (see 2.3). It gets narrower for
wider ribbons because, the band structure approximates the graphene band
structure. For certain width (N = 3M−1), there is a linear band in the band
structure rendering the armchair-nanoribbon conducting [68,70].
In zig-zag nanoribbons the band structure resembles the band structure
of graphene, projected at the Γ-M direction but the bands do not cross at
k = 2π/3 where the projection of the k-points from graphene is, but they
flatten until they touch at k = π. The wider the graphene flake, the flatter
the band are. This flat band connects the fully localized states at the zig-zag
edge with to the delocalized state at k = 2π/3 which corresponds to the state
at the tip of the Dirac cone. Even for wide ribbons, the edge state gives rise
to a pronounced peak in the density of states (see fig. 2.8) [68].
The edge state is very robust to imperfections in the edge. A graphene
nanoribbon with kinks serves as a model for a step edge, which is not perfectly
parallel to a zig zag edge. The calculations show, that four to five zig zag
2.1 Peculiarities of graphene 21
Figure 2.9: Average charge densities states in an interval of ±0.2 eV
around the Fermi level in mostly zig zag nanoribbons. There is a pro-
nounced charge density at the edges, for (a) long segments of zig-zag edges
and (b) short segments of zig-zag despite the armchair sites forming the
kinks in the edge. These ribbons are a model for arbitrary edges which do
not exactly follow zig zag directions [68].
sites in a row are sufficient for the edge state to develop (fig. 2.9) [68].
Scanning tunneling microscopy and scanning tunneling spectroscopy have
yielded experimental evidence for the edge state in graphene. In reference [71]
graphene was epitaxially grown on polycrystalline (111) textured Iridium by
CVD with benzene (C6H6, see below for more information on CVD growth).
Straight edges of monoatomic height which are attributed to dislocations are
observed with STM [fig. 2.10 (a)]. The steps are along dense packed rows
( [110] direction]), which are indeed parallel to the zig zag rows of graphene
(see 5.2.2). STS measurements of graphene at edges [fig. 2.10 (b)] show
a pronounced peak in the density of states about 0.2 eV above the Fermi
level. This peak is attributed to a resonant state localized at defects. The
shoulder at about 0.35 eV below the Fermi level is due to Ir(111) surface
states. Zooming in to the spectrum close to the Fermi level reveals a small
peak at about 0.025 eV below the Fermi level. The authors attribute this peak
to the localized edge state (LES) of graphene. Unfortunately no atomically
resolved topography image of the edge is available. So it remains unclear,
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Figure 2.10: (a) STM topography image of graphene on polycrystalline
(111) textured Ir. Steps are along [110] direction. (195 nm × 195 nm) (b)
STS spectra of graphene taken at the positions marked in (a). The spectra
show a shoulder at -0.35V which is due to an Ir surface state. The peak
at +0.2V is attributed to resonant states at defects (RS). (c) A zoom in
reveals a faint peak at -0.025V. This peak is attributed to the localized
edge state (LES) [71]
.
whether there is really a zig-zag edge of graphene or if the graphene layer
rather bends over the edge like a carpet with atomic coherency (see 5.2.2).
Another STM study of the edge state claims to have found evidence on
mechanically cleaved HOPG [72]. The cleaved surface of HOPG was exposed
to atomic hydrogen and annealed in UHV multiple times to achieve H termi-
nation. The authors of reference [72] find, that the armchair edge (fig. 2.11
(a),(b)) is by far the dominant configuration. On the scarce parts, which are
zig-zag the image is particularly bright, hinting at an increased density of
states due to the edge state. The STM images were recorded in the constant-
height mode at a sample bias of 0.02V and a tunneling current of 0.7 nA.
Unfortunately this data is not strengthened by spectroscopic measurements
and it is not explained, why atomic contrast on the lower terrace is also
achieved in the constant height mode.
The edge is not the only widely discussed edge effect in graphene. Other
predicted features of graphene edges include ferromagnetism [73] and spin
filtering in high electric fields [74] (see 2.3.2).
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Figure 2.11: (a) STM topograph of a graphite step edge. Most sections of
the step are of the armchair type (14.8 nm × 13.4 nm). (b) STM topograph
of a segment of an armchair type step edge. A defect is indicated by an
arrow. (3.9,nm × 3.9 nm). (c) STM topograph including segments of zig
zag step edges. The image is particularly bright at the step edge (3.8 ×
3.8 nm). All three topographs are acquired in constant height mode [72].
2.2 Preparation of Graphene
The measurement of the physical properties of graphene and also possible
future applications (see below) rely on the possibility of a reproducible, ef-
ficient and high quality preparation technique. The prominent pioneering
measurements have been done on exfoliated graphene. Even then, also epi-
taxial graphene on SiC and other carbides as well as on transition metals was
known [75]. In parallel, chemical approaches to prepare graphene were pur-
sued. With the rise of graphene’s popularity, the interest in these techniques
experienced a renaissance. The preparation of graphene has not only been
significantly improved, but also the physical understanding of the growth and
properties of graphene has been considerably expanded and deepened. This
thesis is a contribution to this effort.
This section provides an overview over the most common graphene prepara-
tion techniques: mechanical exfoliation, epitaxial growth on SiC,and epitaxial
growth of graphene on metals.
24 Background
Figure 2.12: (a) array of mesas etched into HOPG, (b) single graphite
mesa on HOPG. (c) graphite plate from a mesa transfered to Si(001).
Before the transfer, the mesa was 6µm high. (d) mesa which fanned out
into multiple sheets upon transfer to the wafer. [76]
2.2.1 Exfoliation
The most straightforward route to two dimensional crystals is the mechanical
exfoliation from layered crystals, such as graphite. One approach is to etch
mesas into the basal plane of a crystal of HOPG by oxygen plasma etching.
Their height is tunable between 200 nm and about 9µm. These mesas are
transfered to a substrate, e.g. a silicon wafer by rubbing the surface with the
mesas onto the substrate surface. SEM images of the mesas on HOPG and
transferred mesas are shown in fig 2.12. The graphite stacks obtained can be
manipulated with an AFM tip. [76]
In 2005 Novoselov et al. also pretreated their HOPG samples by creating
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mesas with oxygen plasma etching. Then the HOPG was glued to a glass
substrate with a photoresist and the graphite crystal was pulled off. The re-
maining graphene was thinned with scotch tape before the resist was dissolved
in acetone. Finally a Si-wafer with a 300 nm thick layer of SiO2 (SiO2/Si) was
dipped into the solution, rinsed with water and propanol, and then screened
for graphene flakes with optical microscopy. Among many thicker flakes, a
few single layer graphene flakes were found [77].
This procedure was later much simplified. The HOPG crystal was cleaved
and then simply rubbed against another solid surface which was then screened
for single layer thick flakes. Through this approach two dimensional crystals
can also be made from other layered materials as shown in fig. 2.13 [78].
The most important step to find the monoatomic graphene sheets was the
ability to single out promising candidates with optical techniques, because
the vast majority of flake is thicker material [77, 78]. The mechanism for
optical contrast is not, as often claimed, the additional interference length
due to the graphene layer. It is established, that the thickness of the SiO2
layer can be determined optically through interference [79]. However, for a
few layers of graphene, this effect is too small to contribute. The reason for
the contrast lies in the metallic opacity of graphene. The presence of the
graphene layer changes the reflectivity of the interface and thus enhances the
already existing interference of the SiO2 layer. The thickness of the oxide layer
has to be chosen in a way, that this enhancement takes place at a suitable
wavelength so that it is well visible [80].
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Figure 2.13: Various single layered crystals: (a) AFM topograph of
single layer NbSe2, (b) AFM topograph of single layer graphene, (c) SEM
image of single layer Bi2Sr2CaCu2Ox, (d) optical microscopy image of a
sinlge layer layer of MoS2. All scale bars are 1 µm. (a), (b), (d) are on
top of Si with 300 nm of SiO2, (c) on a carbon net. The elevation by a few
angstroms above the supporting surface is attributed to a layer of absorbed
water. [78]
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2.2.2 Epitaxial graphene on SiC
Already in the first experiments with exfoliated graphene it was clear, that
the method of preparation is not easily scalable. So, right from the beginning
of the graphene renaissance, there was the need for way to epitaxially grow
graphene. A promising substrate for this was SiC which is known for graphiti-
zation upon annealing in vacuum since the 1960’s [81]. The unique electronic
properties of graphene were shown in epitaxial graphene on SiC(0001¯) in
2006 [60]. In the last few years great effort has been undertaken to under-
stand and improve the preparation of epitaxial graphene on SiC.
Silicon Carbide
Silicon carbide as a crystal can be grown in high quality and is commer-
cially available as a wafer. There exist several types ofcubic and hexagonal
stacking. The most relevant forms are 4H-SiC and 6H-SiC2. SiC has a polar
axis, so the SiC(0001) and SiC(0001¯) basal planes are inequivalent. Figure
2.14 shows a side view of 6H-SiC. The SiC(0001) face (top) is carbon Silicon
terminated, while the SiC(0001¯) face (bottom) is carbon terminated. Addi-
tionally it is noted, that the local bonding configurations of adjacent terraces
are inequivalent (see also below) [82].
Growth Procedure
Before graphene growth, the polished wafers are usually cleaned, hydrogen
etched and annealed to a temperature, at which oxides are destroyed but
no Si is evaporated (950◦C – 1100◦C) for a few minutes in UHV. The step
separation is the mainly governed by the miscut of the wafer. The details of
the cleaning process have only little influence on the structure of the graphene
grown on these wafers.
The simplest approach to grow graphene on SiC is to anneal the sample to
high temperatures (e.g. 1250◦C–1350◦C, see below for details) in UHV. The
2The letter H denotes the hexagonal crystal structure while the digit refers to the period-
icity of the layers. The stacking for 4H-SiC is abcb while 6H-SiC is present in abcacb
stacking.
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Figure 2.14: Side view of 6H-SiC. The SiC(0001) face (top) is carbon Si
rich, while the SiC(0001¯) face (bottom) is C terminated. In this sketch,
the SiC(0001) surface is additionally terminated with H. The local bonding
configurations S1, S2, and S3 of adjacent terraces are inequivalent [82].
results of this treatment show the differences between the two faces of SiC.
In both cases, Si is evaporated. The excess carbon forms graphene on a thin
buffer layer.
Buffer Layer
A buffer layer is discussed on each face of the SiC crystal, the exact atomic
structure of the buffer layer is unknown [13]. The interface layer between the
SiC surfaces and graphene were investigated with LEED, XPS, ARPES, and
surface x-ray diffraction. Additionally band structure calculations have been
carried out (cf. [13, 83]).
The Si terminated SiC(0001) surface undergoes a wealth of superstructures
upon annealing, before a (6
√
3 × 6√3)R30 is developed. The transions be-
tween these superstructures can be understood as phase transitions on the
surface [14].
The (6
√
3 × 6√3)R30 structure remains under the graphene film and is
controversially discussed. It was modeled to be similar to a distorted, Si-
depleted form of a SiC bilayer with dangling bonds present allowing for an
2.2 Preparation of Graphene 29
electron transfer between the first graphene layer and the buffer layer [13] but
there are strong indications, that the interface is rather a graphene like layer
which is covalently bound to the Si-atoms of the SiC(0001) surface. This
argumentation is mostly based on the electronic structure of that interface.
The structure does not show the signature of graphene’s π-system. The π-
electrons take part in the bonding. The σ-band consisting of electrons, with
a high spatial probability density close to the atoms, however is present just
as in graphene as shown in fig. 2.15.
Also the C terminated SiC(0001¯) face, undergoes different superstructures
in the course of annealing, but when covered with graphene these superstruc-
tures are not present any more. Here, the presence of the interface layer is
even more under debate: According to reference [13] this interface is compa-
rable with the SiC bulk structure which is terminated with additional carbon
or even only consisting of carbon without Si and which is well bonded to the
substrate. A major difference between this model of the interface layer on the
SiC(0001¯) to their model of the interface layer on Si(0001) is, that the unsat-
urated dangling bonds, which are mentioned above are not present. In [83]
however, it is not only claimed that the interface layer is just a graphene layer
it is also described as weakly bound to the SiC(0001¯) surface. An overview
of measurements and band structure calculations on SiC(0001¯) is given in
fig. 2.16. The ARPES measurements are done for increasing coverages from
(a) the clean layer over (b) 0.3ML and (c) 0.8ML up to (d) 2ML. In contrast
to the band structure calculations shown in fig. 2.16(i) for one layer of carbon,
which plays the role of the hypothetical buffer layer and (j) a second layer
which is regarded as the first graphene layer the measurements do not show
a sign of the strong interaction of the first layer.
Morphology and Properties of Graphene on SiC
The morphology of graphene on SiC depends very much on the preparation
conditions and on the face of the crystal. While graphene on the Si-terminated
SiC(0001) face keeps its in-plane epitaxial relation to the substrate well with
multilayer growing Bernal stacking (ABAB. . . ), on the SiC(0001¯)surface,
there is an azimuthal scatter, as visible from the LEED patterns in fig. 2.16
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Figure 2.15: ARPES spectra of (a) the (6
√
3 × 6√3)R30 layer on the
Si-rich Si(0001) surface and (b) of 1 ML of row graphene on this surface.
In the middle row the corresponding LEED patterns of (c) the (6
√
3 ×
6
√
3)R30 layer and (d) 1 ML of graphene are shown. Below are band
structure calculations for graphene on truncated SiC(0001). The first layer
mimics the buffer layer (e), the second layer mimics the first graphene
layer (f). ARPES and LEED data from [83], band structure calculations
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Figure 2.16: ARPES spectra of (a) the (3 × 6√3) structure on the C-
rich Si(0001¯) surface and increasing amounts of graphene coverage of (b)
0.3ML, (c) 0.8ML, (d) 2ML. In the middle row the corresponding LEED
patterns of comparable graphene coverages – (e) (3× 3), (f) 0.5ML, (g)
1ML, and (h) 4ML are shown. In (g) and (h) the angular scatter in
the graphene spots can be seen. Below are band structure calculations
for graphene on truncated SiC(0001). The first layer mimics the buffer
layer (e), the second layer mimics the first graphene layer (f). In the lower
row, band structure calculations for graphene on truncated SiC(0001¯) are
shown. The first layer mimics the buffer layer (i), the second layer mimics
the first graphene layer (j). ARPES and LEED data from [83], band
structure calculations from [84].
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(g) and (h).
When annealing SiC in vacuum, the domain sizes on both faces are rather
small (see table 2.1 after [85]). The reason is, that the temperature influ-
ences two parameters, which are crucial for the morphology: the Si-loss and
the mobility of diffusion on the surface. The silicon loss occurs so quickly,
that the mobility is not sufficiently high for the surface to equilibrate and
smoothen. Increasing the temperature will only increase both parameters.
This problem has recently been overcome in two ways. (i) The annealing
has been performed in a atmosphere of Ar [12] or in a small furnace with a
pressure of at least 5× 10−5mbar3 [86]. The atoms of the atmosphere reflect
a part of the Si atoms which are evaporated back onto the surface. This way,
the mobility can be increased without a rapid Si loss. (ii) An even more ele-
gant way to decouple the Si loss and the mobility is, to offer Si at an defined
rate to compensate for the loss through evaporation. This can be achieved
though a background pressure of disilane (SiH6). This gas decomposes into
hydrogen and silicon above 300◦. This technique has been demonstrated in
reference [14]. The domain size can be increased to about 3µm when graphene
is grown with diminished Si loss. An overview is shown in fig. 2.17 and table
2.1.
In principle all these techniques should work on both faces of SiC. And
indeed this furnace growth produces large homogeneous areas of graphene
2.18 (a). The Si(0001) surface, however is better examined, because the well
ordered LEED pattern makes it an ideal candidate for high quality graphene.
The LEED pattern for graphene on Si(0001¯) exhibits an azimuthal scatter,
which made it less interesting to many researchers. Surprisingly even multi-
layers of graphene on Si(0001¯) show excellent electronic properties, compara-
ble to the ones of single sheets. The reason for this is based in the angular
deviation between the layers. Each layer is rotated by 30± 2.2◦ with respect
to the underlying layer. A calculation shows that the electronic structure of
these rotated sheet around the k-point is nearly indistinguishable from the
single free graphene layer at the k-point if the layers are rotated with respect
to each other. A clear band splitting and distortion of the band structure is
3Probably the pressure in the small volume of the furnace is much higher.
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Figure 2.17: Graphene on the silicon rich SiC(0001) surface prepared
without and with Si-replenishment. (a) AFM topograph of SiC(0001) after
cleaning ready for graphene growth. (b) LEEM image of the (
√
3 × √3)
reconstruction prior to graphene growth. This structure is stabelized by a
mild silane background pressure. (c) AFM image of graphene prepared by
annealing to 1280◦ in vacuum with a nominal thickness of 1ML. (d) LEEM
image of graphene prepared by UHV annealing with a nominal thickness
of 1.2ML. The actual local thicknesses are indicated by the arrows. (e)
AFM topograph of graphene with a nominal thickness of 1.2ML formed
by annealing at 1650◦C in 900mbar Ar atmosphere. (f) LEEM image if a
sample equivalent to (e). The terraces are covered with 1ML of graphene,
the step edge are covered with 2ML or 3ML. (g) Graphene grown under a
silane background of 2×10−5Torr. Figs (a), (c), (d), (e), (f) are from [12],
(b) and (g) are from [14].
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Figure 2.18: (a) AFM topograph of 10-12 ML of graphene on Si(0001¯).
The sample was annealed in a furnace environment. There are wrinkles in
the graphene layer (see also 4.5) (8µm × 8µm) [13]. (b) The calculated
band structure for three forms of graphene: (i) isolated graphene sheet
(dots), (ii) ab-stacked graphene bi-layer (dashed line), and (iii) two sheets
rotated against each other by (30+2.2)◦ as in graphene on Si(0001¯) (solid
line). Inset shows details of band structure at the K-point [87].
present between the Γ– and the M–point. If the layers are Bernal stacked,
there is a splitting of the bands throughout the whole Brillouin zone and thus
also at the k-point 2.18 (b).
Table 2.1 compares the structural parameters of the different preparation
modes. Interestingly the electron mobility for graphene on the Si-rich face
does not increase with the domain size. A possible explanation is, that inside
domains of a certain height, there are hidden domains of different stacking.
The boundaries of these domains would be electron scattering centers, lim-
iting their mobility. Such defects have recently been shown for double layer
graphene on SiC(0001) (fig. 2.19) and stacking faults with respect to the
substrate may well be present in single layer graphene in SiC(0001) as well.
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Figure 2.19: LEEM images of graphene on 4H-SiC(0001) with a nominal
thickness of 2ML. (a) bright field LEEM image, (b),(c) dark field LEEM
images from the same sample location with the (01) spot (a) and the (10)
spot (b). The pronounced structure even inside the smooth two layer
region is attributed to stacking faults between the two graphene layers as
illustrated in (c).
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Tmin µ
Method 〈LG〉 (◦C) N 〈LSiC〉 (cm2 / V s) Stacking
UHV / Si face 400–1000 A˚ ∼1200 1–4 400–1000 A˚a <2000 AB
UHV / C face ∼ 500 A˚b ∼1100 1–10 ∼1000 A˚ Rotational
faults
Furnace / Si face 1–3µmc > 1500c 1–4c ∼ 3µmc < 2000c AB
Furnace / C face 1–10µm > 1250 5–50 ∼ 10µm > 105,d Rotational
faults
a Substrate roughness increases at higher growth temperature.
b Reference [88].
c Reference [12].
d Reference [89].
Table 2.1: Overview of structural and electronic properties of epitaxial
graphene grown on the Si-face SiC(0001) and the C-face SiC(0001¯) via an-
nealing in UHV or in a low-vacuum furnace. The table compares the mean
graphene domain size 〈LG〉 , minimum growth temperature Tmin, num-
ber of graphene layers N , mean SiC terrace size 〈LSiC〉, electron mobility
µ, and the type of layer stacking. Table from [85], Values are compiled
from [13] or from other sources as indicated.
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2.2.3 Epitaxial graphene on metal substrates
Epitaxial graphene on metal substrates is a system which is, just as the
epitaxial graphene on SiC known for a long time under different names. The
first evidences for epitaxial on graphene a metal were found accidentally on
platinum surfaces in the 1960s [90,91]. In these LEED studies, it was not yet
interpreted as graphene or, in the parlor of these times monolayer graphite or a
graphitic carbon layer. It was rather seen as a surface reconstruction because
the surfaces were assumed to be clean. We know now, that carbon from the
background pressure or the bulk must have formed epitaxial graphene at high
temperatures. With the renaissance of graphene, a lot of dedicated studies
of graphene on metals and metal carbides were performed (cf. [92]).
The growth process has many aspects in common on all metals and some
aspect differ. The following sections will address these aspects one by one
and name examples for the described phenomena.
Carbon source
To grow graphene carbon on the surface is necessary. This carbon can be
supplied by several sources. Three types of carbon source are common today
(see fig. 2.20):
• Segregation from the bulk
• Chemical vapor deposition (CVD) form the gas phase
• Decomposition of carbon on the surface.
Besides there are also experiments with physical vapor deposition [93] or
deposition from a molecular beam [94].
The segregation from the bulk 2.20 (a) in its pure form is often performed
when growing graphene on Ru(0001) [15,92,95] or Ni(111) above 700K [34,96,
97]. There, one takes advantage of carbon impurities nominally clean single
crystals or, if the crystal is already clean or depleted of carbon, enriches
the crystal with carbon artificially, e.g. by exposure to ethylene at a high
temperature. Before the growth of graphene on for example Ru(0001), the
crystal surface is cleaned by sputtering and flash annealing to about 1400K.
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Figure 2.20: Schematics of the three major sources for graphene growth
on metals. The bulk metal is depicted in red, carbon in blue. Hydrogen
atoms from hydrocarbons are symbolized as black circles. (a) segregation
of carbon from the bulk to the surface, (b) chemical vapor deposition of
a hydrocarbon. On the surface, the hydrocarbon is cracked and hydro-
gen desorbs. (c) Hydrocarbons are adsorbed on the metal surface. Upon
annealing hydrogen desorbs and graphene islands form.
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The growth is initiated by prolonged annealing between 1000K and >1400K
[15, 19]. At these temperatures, the solubility and mobility of carbon in the
Ru bulk and is significant [98] so that carbon from the bulk can diffuse to
the surface. The feasibility of this process is dependent on the solubility of
carbon in the metal [95]. If the solubility is very low, as in the case of Ir [98]
the required temperatures for the enrichment with carbon are very high even
higher then the melting temperature as for Cu (see phase diagram for C-Cu
in [99]). If the solubility is very high, the amount of carbon which diffuses
to the surface exceeds a monolayer quickly and it is difficult to restrict the
growth to a single monolayer or one has to accept a high degree of imperfection
in the graphene layer which cannot anneal the defects at low temperature.
Additionally, the solubility and mobility decrease with lower temperature.
When the mobility of solved carbon is low upon cooling, then the remaining
carbon will be frozen in the bulk and the graphene layer is preserved . If it
is high, then additional carbon will be ejected to the surface upon cooling
leading to multilayer of patches of amorphous carbon. A typical material, for
graphene growth with a high solubility is Ni [97].
CVD of hydrocarbons, most commonly ethylene, allows for the growth of
precisely one ML. The gas is catalytically dissociated on the metal surface, but
nor in the graphene layer. The growth is thus self-limiting at full coverage
as illustrated in fig. 2.20 (b). Below one ML CVD gives reasonable control
over the coverage by the dose of gas which is offered for graphene growth
and it allows to tune the carbon flux independent of the temperature (see
below). Higher flux leads to a higher nucleation density [100]. CVD growth
of graphene has been demonstrated on many transition metal surfaces and is
a very versatile method. However it is not possible to grow multilayers with
pure CVD and for materials with a high solubility for carbon CVD can not
always be separated from the segregation of carbon from the bulk.
A more specialized technique is to directly prepare all carbon adspecies on
the surface simultaneously. This can be done by the adsorption of hydro-
carbons to saturation on the surface at room temperature and subsequent
annealing as shown in fig. 2.20 (c). At a certain temperature, the hydrocar-
bon is catalytically dissociated and hydrogen desorbs. The remaining carbon
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adspecies can then form graphene. The temperature also governs the mor-
phology (see below). Hence the term temperature programmed growth (TPG)
was chosen for this method. This method has been shown for Pt(111) and on
Ir(111). It has the advantage of very reproducible morphologies and a fixed
amount of carbon which can be adjusted by the hydrocarbon which is used
as a precursor molecule (see 4.1).
Temperature
The preparation of graphene generally occurs at high temperatures. On
Ni(111) graphene of high quality as determined by ARPES were grown
at 820K were grown [26], in Ir ordered graphene can be observed from
about 900K (see 4.2). The highest temperatures which are common lie
around 1500K for graphene growth on Ir(111) and Ru(0001) (see section
4, [17, 19, 32]). High temperatures increase the mobility of carbon on the
surface and the solubility of carbon in the bulk. The quality of the graphene
layer with respect to domain sizes and defects increases with higher mobility.
The structure sizes are larger and the nucleation density of graphene flakes
decreases. Individual flakes can easily be separated by a distance of several
micrometers (see fig. 4.18 in chapter 4.4).
A downside of a high temperature during growth can be the dissolution
of carbon into the bulk in which case the control of the amount of carbon
present in CVD and TPG is lost. For growth through segregation, there are
different temperature windows for each metal.
Recently it has been clarified, that the high growth temperatures of
graphene on metals (and SiC) give rise to elongated defect structures. These
structures are wrinkles formed due to the mismatch in thermal contraction
on the substrate and the graphene layer during cooldown (see 4.5).
Micro flakes and nano islands
For a long time the primary aim in the growth of graphene was the growth
of perfect monolayers. The research of the past years has quite successfully
strived for this goal. Large domains of graphene can for example be grown
on Ru(0001) [40,101] and Ir(111) (see 4.3).
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Along with new scientific questions came the demand for additional control
over the graphene structures. With the temperature and the choice of the
carbon supply the growth process can be steered to yield not only monolayer
graphene, but also nano flakes with a average diameter tunable from a few
nanometers to some tens of a nanometer (see 4.1) or larger flakes with average
sizes ranging from fractions of a micrometer up to several micrometers [100].
Substrate steps do not necessarily represent boundaries for the graphene
domains. As on SiC, graphene on Ir(111) (see 5.2) and Ru(0001) [40] can
cover steps like a carpet without losing atomic coherency. Although islands
on Ru(0001) can cover step edges, they can only grow down the step [15],
not upwards, whereas on Ir(111) graphene islands can grow all directions
simultaneously [93], as shown in fig. 2.21. The reason may be, on Ir(111) the
graphene layer is much farther above the metal then on Ru(0001). On the
Ru(0001) substrate, the graphene layer is close to an ascending step edge and
can possibly bind to step edge atoms, on Ir(111), it is higher so a passivating
bond of the graphene growth front to the step edge may be much less favorable
than on Ru(0001). This is shown in fig. 2.21 (b) and (e).
Understanding of the growth mechanism of graphene growth on metals is
the key to further expanding the possibility to craft a desired morphology.
The growth occurs through a C adatom gas (more precisely: C adspecies gas)
on the surface. The mobile adspecies form clusters which can attach atoms
to graphene islands if they are large enough. Already in 1985 the model of an
adatom gas was proposed for the growth of graphene on Ir(111). It describes
the growth by a phase transition which sets in at a critical coverage Θc. If
the density of C atoms in the adatom gas phase is higher then ΘC C goes
from the adatom gas phase into solid graphene phase. This model was from
experiments at very high temperatures and found the critical coverage to be
very low (Θc(1570K)< 0.001, in units of the areal density of C atoms in
graphene). For higher temperatures a significant amount of carbon could be
stored in the adatom gas as shown in fig. 2.22 (a)4. With TPG of ethylene on
Ir(111), the adatom concentration after pyrolysis is around 0.2, at less then
4At the high temperatures used in reference [49] the partial dissolution of carbon even in
Ir or in the grain boundaries of the substrate cannot fully be excluded.
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Figure 2.21: (a) Sequence of LEEM images of a growing graphene flake
on Ru(0001). The position of the original nucleus is marked as a black spot.
The island grows exclusively along and down the steps. (b) The growth
direction of graphene on Ru(0001) illustrated in a side view sketch: The
graphene island can grow downwards and flows over steps, but it cannot
mount upwards. Instead it binds to the step. (c) and (d): subsequent im-
ages of a growing graphene flake in Ir(111). The perimeter of the flake in (c)
is marked in (d). The flake grows in all directions. (e) The growth direc-
tion of graphene on Ir(111) illustrated in a side view sketch: The graphene
island can grow in up and down the step. It is elevated higher above the
substrate and can surmount substrate steps during growth. Subfigures (a),
(b) from ref. [15], (c), (d) from [93].
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Figure 2.22: (a) The equilibrium carbon adatom gas concentration Θc
on Ir(111) as determined in early works [49]. (b) Electron reflectivity (left
axis) and its translation into carbon adatom gas concentration (right axis)
on Ir(111) during growth. The concentration increases (electron reflectivity
decreases) until nucleation of graphene island takes place, then it decreases
(electron reflectivity increases) pointing to a supersaturation before the
nucleation of islands [93].
1500K so there is an enormous supersaturation. This is the reason for the
high nucleation density and the small flakes resulting from TPG growth.
Recent experiments corroborate, that the basic mechanics of this model are
valid. In reference [16, 93] LEEM reflectivity measurements proof the exis-
tence of the adatom gas and a decrease in concentration upon the nucleation
of graphene flakes (fig. 2.22 (b))˙ evidences a high nucleation barrier. The
required size for a carbon cluster to attach to an island is 5 atoms [93]. Tight
binding molecular dynamics simulations suggest, that this formation of elon-
gated carbon clusters as precursors to graphene islands is also valid for other
materials such as Ni(111) see fig. 2.23 [102,103].
Superstructure
Graphene on metal substrates forms a moire´ superstructure in many cases.
Geometrically this superstructure can be understood as the superposition of
two lattices, just like a beat can be understood as the superposition of two
waves. The reciprocal lattice vector of the moire´ ~km is the difference of the
reciprocal lattice vectors of the two original lattices, in that case the dense
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Figure 2.23: Early stages of the nucleation of graphitic carbon at a Ni-
Step edge at 1000K. Ni atoms of the depicted as large spheres, orange in
the bulk and grey at the step. The carbon atoms are displayed as small
black spheres. Carbon atoms are fed from a hypothetical gas phase with
a chemical potential which is increased from (a)–(d). (a) Single linear
clusters form. (b) Connected carbon chains form. (c) a monolayer of
carbon resembling graphene forms (d) side view of (c) The carbon layer
does not have time to heal out to a graphene layer, within the simulation.
[102]
packed metal surface ~k1 and the graphene sheet ~k2:
~km = ~k2 − ~k1 (2.4)
The moire´ is not necessarily a coincidence lattice of the substrate and the
deposit and each moire´ cell may look microscopically different from its neigh-
bor, as in graphene on Ir(111). Inside the moire´ cells locally different stacking
motifs of the carbon atoms with respect to the metal surface are realized. For
details see 5.1.
The moire´ reveals itself through a difference in interaction of graphene
with the metal surface depending on the local stacking motif. This difference
reflects in the density of states as seen in STM and STS [15, 19, 42, 104],
in electron diffraction5 [15, 19, 44, 50, 104] and with a chemical contrast as
demonstrated by the growth of ordered cluster arrays [42, 105], sec. 6. A
topological effect of the moire´ is also predicted [42, 106, 107] and verified for
graphene on Ru(0001) [44]. Ni(111) and Co(0001) are special cases, because
5The LEED pattern could also be explained by multiple diffraction [50]. X ray diffraction
studies could rule this out.
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Figure 2.24: Comparison of the moire´ of graphene on various metals. (a),
(e) Graphene on Ru(0001) (a: [19], e: [44]), (b) graphene on Pd(111) [39],
(c), (f) graphene on Pt(111) [35] (d), (e) graphene on Ir(111). The image
size for (a-d) 420 A˚×310 A˚, for (e-g) the size is 65 A˚×65 A˚. The periodicities
d of the moire´s and the approximate moire´ cell superstructures are given
below the topographs.
their surface lattice constants match to the one of graphene and there is no
superstructure.
In fig. 2.24 the moire´s of graphene on Ru(0001), Pd(111), Pt(111) and
Ir(111) are compared. The lattice constant of graphene is fixed, so the moire´
periodicity depends on the substrate lattice constant.
Binding
Two types of situations between graphene and the underlying metal exist.
One type with strong bonding between metal graphene and a typical metal-
graphene distance smaller then a metal-metal bond (around 1.4 A˚– 2.2 A˚) and
one with weak bonds and a typical metal-graphene distance which is much
larger then the bonds bewteen the substrate atoms (around 3.2 A˚– 3.7 A˚).
The difference in bonding also reflects in the phonon modes of graphene. A
softening of the phonon modes indicating weakened C-C bonds is observed in
the case of strong binding, whereas in the case of weak binding the phonon
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Figure 2.25: SEM image of graphene grown on a thin Cu foil. The star-
like pattern suggests a growth in all directions, which is not hampered by
step edges. [108]
frequencies stay close to the bulk values known from HOPG (for a review
see [92]). The moire´ for strongly bound graphene is more pronounced than
for weakly bound graphene.
Weakly binding systems are graphene on Ir, Pt, and presumably Cu. The
SEM images presented in the supplement of reference [108] suggest that
graphene islands grow in all directions (see fig. 2.25). If the growth can sur-
mount the steps, a large substrate to graphene distance and a weak binding
would be plausible. Fist principle calculations also predict Cu to be a weakly
interacting substrate [109]. Strongly binding substrates are Ni, Ru(0001),
Rh(111), Pd(111), or Co(0001) [39,109–111].
Graphene on Ruthenium(0001) is a typical case for a strongly interacting
system whereas graphene on Ir(111) is a representative of the weakly inter-
acting kind. The effect of the binding on the electronic structure is severe:
The Dirac is completely disturbed for the monolayer on Ru(0001). Only in
bilayer graphene the cone reappears (see fig. 2.26 (a)-(c)) [101].
In graphene on Ir(111) the Dirac cone is fully present. The effect of the
substrate is limited to two phenomena: a slight p-doping by about 0.1 eV
and the replication of the Dirac cone at the mini Brillouin zone boundary
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Figure 2.26: Micro-ARPES band structure maps (a)-(c) and regular
ARPES spectra (d),(e): (a) Ru(0001) substrate in an area that is not cov-
ered by graphene. (b) Monolayer graphene. Dashed line: π-band obtained
from a tight-binding calculation for free-standing monolayer graphene. (see
appendix) (c) Bilayer graphene. Dashed lines: scaled DFT bands of free-
standing graphene [112]. (d) ARPES band structure map of Ir(111) and
(e) of the grapene monolayer on Ir(111) around the k-point. The white
parallelogram markes a band gap in the Ir band structure. The black lines
labelled S1, S2, S3 show surface states of the Ir(111) surface. The orange
and red arrows mark the Ir and graphene k-point. In (e) white arrows point
to the minigaps, the replica band is marked with an R. (a-c) from [101],
(d,e) from [24]
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given by the periodicity of the moire´ with mini gaps in the band structure
at the intersection of the bands [24]. This is evidenced in the ARPES data
shown in fig. 2.26 (c) and (d). It is yet unclear whether the preservation of
the Dirac cone on Ir(111) is based on the weak interaction or the meagerness
of electronic states of Ir near the Fermi at the k point of graphene.
TPG was recently employed to grow a high density of nanoflakes and thus
have a lot of edge atoms. Like this, it was possible to show with XPS, that
the two outer rows of atoms at the edge of the flake are strongly bound to
the substrate, despite the overall weak interaction [113].
Polycrystalline substrates and transfer
Metal single crystals are a very well defined substrates which are excellently
suitable for fundamental research. For the application oriented preparation of
graphene, a less costly substrate is desirable, especially when the substrate is
sacrificial. Although textured polycrystalline metal substrates have already
been employed for the growth of graphene in the past (e.g. [49]) in the view of
the new promises this two dimensional material bears, the growth of graphene
on such substrates has flourished in the last year. Substrates were Ru, Ni and
Cu. Whereas the work on Ru was a fundamental study with the surprising
result, that graphene domains can be larger than the grains of the underlying
polycrystalline film [114], the other studies aimed at the production of a
transferable graphene sheet.
The studies were performed with Ni sheets [18] and films on SiO2/Si
[6, 7, 115–117] and with Cu foils [108] and films on on SiO2/Si [116, 117].
The hot substrates were exposed to a flow of diluted hydrocarbons near am-
bient pressure. It turned out, that on Ni, it was difficult to restrict the
thickness to less then 3ML. Surprisingly the only work reaching a fraction of
>75% fraction monolayer coverage on Ni employed a different technique: Af-
ter Ni deposition, the sample was transferred through air, stored for days and
then annealed in UHV. The source of the beneficial carbon contamination is
yet unclear [115]. On Cu, monolayers of graphene can be very reproducibly
formed from diluted hydrocarbons. The reason may be, that the solubility of
carbon in Cu is low (0.04 at.% near the melting point) and that copper falls
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Figure 2.27: (a) Cu foil before and after 30min glowing in a C2H4 con-
taining atmosphere. The graphene covered foil is shinier then the untreated
sheet. (b) SEM image of graphene on Cu as prepared in (a). (c) Graphene
transferred on SiO2/Si substrate. (d) SEM image of graphene on SiO2/Si
showing wrinkles and multilayer regions. The red circle is on the mono-
layer, the blue circle is on a patch of bilayer graphene, and the green cross
is next to a patch of trilayer graphene. [108]
into the class of weakly binding substrates.
One step towards applications, the growth of graphene on polycrystalline
films and the transfer to other substrates has been performed [7, 116]. This
process is illustrated in fig. 2.27. Graphene is growth on a thin copper sheet,
the sheet is etched away and the graphene sheet is transferred to SiO2/Si.
The thickness is estimated with local Raman spectroscopy.
The patterned growth of graphene or the patterning of the transfered film
[6] are further milestones on the route to the preparation of application ready
graphene. In reference [117,118] patterning and the fabrication of an array of
functional devices (cf. 2.3.1) have been demonstrated (see fig. 2.28). Graphene
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is grown on a polycrystalline Ni film on SiO2/Si (fig. 2.28 (a)). The metal with
graphene is covered with a polymer and removed from the wafer with water.
Subsequently the metal film is dissolved in FeCl3. The graphene layer can be
treated with patterning techniques or the substrate film can be prepatterned
before the growth of graphene. Figure 2.28 (b) shows such a prepatterned film
transfered to a polymer. Such a film can be put on a wafer and transistor-like
devices can be built (fig. 2.28 (c)). The transfer characteristics of the device
are shown in fig. 2.28. The graphene transistors are backgated with via the Si
substrate as a common electrode. Further types of graphene transistors are
discussed in section 2.3.1.
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Figure 2.28: (a) Graphene film on Ni on a 3 in Si/SiO2 substrate. (b)
Graphene on polymer grown on a prepatterned substrate. (c) An array of
162˙00 graphene transistors. Insets: optical image of a part of the array and
a single device. (d) Transfer characteristics (current from source to drain
at fixed voltage, here 0.75V against the gate voltage. Inset: schematic side
view of a single graphene transistor. [118]
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2.3 Envisioned Applications
Although the understanding and preparation of graphene is advancing
rapidly, the material is still at its infancy. The reason for the enormous inter-
est in such a young material is not only rooted in the fascinating properties of
which the most prominent are described in sec. 2.1, but also in the vision for
technologically relevant applications. Graphene is a candidate for electronics
including spintronics which may fulfill Moore’s law beyond the capabilities
of silicon based technology. It is a candidate for hydrogen storage or high
capacity batteries and thus may help solving the energy problem. Its struc-
tural properties make it a starting point for a new class of nanostructured
materials.
It is not yet clear which of these promises graphene will keep and their
multitude makes it impossible to address all of them. The seeds for some of
these aspirations will be discussed here as examples. Ordered cluster arrays
based on the moire´ of graphene on a metal as a substrate will be discussed
more extensively in section 2.4, because it plays an important role in chapter
6 of this work.
2.3.1 Transistor
Maybe the first suggestion for an electronic device based on graphene being
inspired by the field effect in graphene [1] is a graphene transistor. A sim-
ple, back gated transistor geometry has already been used in the pioneering
works to tune the charge carrier concentration in graphene [1, 58, 60]. For
the individual addressing transistors on a die, a top gate electrode has to be
installed. This process lowers the electron mobility by nearly one order of
magnitude to roughly 500 cm2/Vs [119]. A graphene transistor is shown in
fig. 2.29 (a). It consists of a graphene flake deposited on SiO2 on Si with Au
and Ta contacts.
The resistance between source and drain is proportional to the charge car-
rier density n and their mobility µ. The mobility for a graphene transistor
(or a transistor in general) should be high and the charge carrier density is
changed by the gate voltage VG. In graphene this change is linear. Since the
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graphene band structure does not have a band gap, graphene layer transistors
cannot be completely turned off. There are always enough charge carriers for
conduction. The transfer characteristics of this transistor with and without
the top gate electrode is shown in fig 2.29 (b). The drain current can be tuned
by the gate voltage, although in both cases the substrate was used as a back
gate electrode, the on/off current ratio and the overall current drop if there
is a top electrode installed. Fig. 2.29 (c) displays a schematic of a top gated
graphene transistor made from epitaxial graphene on SiC. The corresponding
transfer characteristics in fig. 2.29 (d) show the drain current is linear with the
gate voltage in the observed range [120]. For higher source-drain voltages,
this is no more the case [121].
Graphene transistors were proven to work up to very high frequencies.
For short gate length LG, a cutoff frequency
6 of 26GHz was shown (fig. 2.30).
The cutoff frequency is proportional to the mobility and reciprocal to the gate
length. Transistors which work up to a Terahertz seem feasible with a gate
length of LG=50nm and a charge carrier mobility of 2000 cm
2/Vs. [122] which
is multiple times faster then what is possible with SiGe heterojunctions [123].
The fabrication of a logic gate out of a graphene transistor is a key step
to an application for graphene to compete with silicon for the pole position
in information techniques. It is possible to create different logic gates out
of a graphene transistor. One and the same device can be used for a XOR,
NAND, OR, and NOT gate. To achieve this, the gate voltage VG for the graphene
device is composed out of two signals A and B with Vg = V0+(VA+VB)/2 as
shown in fig. 2.31 (a). The inputs are VA and VB, with suitable input resistors
RG. The resistance of the graphene transistor is R. The output resistor RD
is chosen to maximize the total output voltage. The signals have a voltage
swing of 5V (e.g. 0V (low) 5V (high) or -2.5V and +2.5V). The design
makes use of the form of the transfer curve for the resistance of the graphene
device (fig. 2.31 (b)). The resistance peak is shifted to Vg = 22.85V due to
p-doping of the graphene, presumably by environmental influences [1, 125].
6The cutoff frequency is the is the frequency, where the current gain becomes unity equals
one.
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Figure 2.29: (a) SEM image of a graphene transistor realized with exfo-
liated graphene. [119] (b) Transfer characteristics of the transistor. Before
and after the deposition of the contacts. In both cases, the transistor
was operated with the back electrode. [119] (c) Schematics of a transistor
made out of epitaxial graphene on SiC. [120] (d) Transfer characteristics
of a transistor as shown in (c) [120].
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Figure 2.30: Current gain h21 as a function of frequency f of a graphene
transistor with a 150 nm wide gate electrode, showing a cutoff frequency
at 26GHz. The dashed line corresponds to the ideal 1/f dependence for
h21. Inset: cutoff frequency in dependence of the length of the gate (LG).
The solid line corresponds to the 1/LG dependence. All devices are biased
at VD = 1.6V.
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Figure 2.31: (a) Circuit diagram for the two input logic gate. (b) Trans-
fer curve for the resistance of the graphene transistor in depending on the
gate voltage Vg. Three equidistant operating points with a total gate volt-
age swing of 5 V , which correspond to different functions of the logic are
marked by symbols. The offset V0 of the middle point determines the type
of the function. An XOR gate (circles) is obtained for V0 = 22.85V, a NAND
gate (squares) for V0 = 24.20V, an OR gate (triangles) for V0 = 21.55V,
and a NOT gate (diamonds) for V0 = 33.00V. Inset: truth table of all pre-
sented gates. (c) Input signal (top diagram, black) and output signals for
the four logic gates. The logic levels (AB) of the inputs cycle (00), (01),
(10), and (11). All signals are plotted without the offset voltage V0. [124]
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The logic gates are realized by choosing an appropriate offset V0. The logic
operations are displayed in the table in fig. 2.31 (b). The working points for
each mode of operation are marked by the central of 3 corresponding symbols
on the curve. When applying VG the resistance shifts to one of the three
symbols giving rise to an output voltage as displayed in 2.31 (c). The top
diagram shows the input signal and the other diagrams the output signal for
each mode of operation of the logic gate.
The measurements are done at T=1.5K. At higher temperature the change
in resistance will be damped, but the principle of operation will be unchanged.
Although the output voltage is much lower then the signal voltage fully func-
tional logic gates have been realised. [124]
For devices mimicking classical semiconductor behaviour, a band gap of
graphene has to be altered, e.g. by employing multilayers [125, 126]. The
fabrication of graphene transistors and devices is rapidly advancing [127,127,
128]
2.3.2 Spintronics
Besides the design of improved transistors, the development of a completely
new type of electronics exploiting the spin to convey information is an intrigu-
ing concept. It is not much more yet, because efficient ways of conducting,
filtering and switching spin polarized electronic currents are lacking. One
of the few concepts for spintronic devices is the Datta–Das transistor for
switching spin polarized currents [129]. However, for a possible realization
of spintronic devices spin leads are necessary, which preserve the spin po-
larization. Graphene is a candidate for such leads because it shows ballistic
electron transport over distances up to the µm range [4, 130].
Graphene nanoribbons could serve as a spin filter. For such ribbons, half
metallicity, in the sense, that the ribbon is conducting for one kind of spins
and insulating for the other, is predicted in the presence of a high electric
field.
Fig. 2.32 (a) shows the band structure of a 16-zig zag graphene nanoribbon.
The calculation does not take a spin into account.
A calculation of the spin dependent charge density shows, that states of
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opposing spin do not share the same spacial distribution for different spins in
the ground state (fig. 2.32 (b)). One spin state is predominantly localized at
one edge of the ribbon, the other one is predominantly localized at the other
edge.
The corresponding band structure taking the spin into account (shown on
the left in 2.32 (c)) is two fold spin-degenerate and a band structure opens, so
that the ribbon is half metallic. An electric field perpendicular to the edge in
the ribbon plane lifts the spin degeneracy. In the center panel of fig. 2.32 (c)
a field 0.05V/A˚, on the right, a field of 0.1V/A˚is assumed. The degeneracy
is lifted and for one kind of spin, the band gap increases, while for the other,
it closes until as shown on the right, the bands for one kind of spin cross the
Fermi level. [131]
At this field strength the nano ribbon is insulating for one kind of spin and
conducting for the other. Unfortunately although lower field strength can be
chosen for wider ribbon, the voltage is still in the order of the field emission
regime for most metals. It may thus be technologically demanding, if possible
at all to construct a spin filter after this concept.
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Figure 2.32: (a) Calculated band structure for a 16-zig zag graphene
nanoribbon disregarding spin. (b) Magnetisation per atom for each atom.
(c) Spin resolved band structure (calculated with spin, of course), for an
external electric field of 0.00V/A˚, 0.05V/A˚, 0.1V/A˚. A band gap evolves
and opens for one kind of spins, while for the other spins, the bald gap
closes. The inset shows a magnification of the bands crossing the Fermi
level. [131]
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2.3.3 Chemical sensing
The sensing of chemicals with electronic devices is a vivid field of research
[132]. The transistor-like properties of graphene are based on the possibility
to induce extra charge carriers by the electric field effect. The sensitivity
of the conductance to the charge carrier density n can be employed do use
graphene for chemical sensing [133].
The basic device presented here consists of a flake of exfoliated graphene on
SiO2 in a Hall bar configuration as shown in the inset of fig. 2.33. The setup
allows for a measurement of the resistivity ρ, the charge carrier mobility µ
and the charge carrier density n. This device is placed in glass chamber where
it is exposed to various gases (NO2 , NH3 , H2O, and CO), which are strongly
diluted in pure He or N2. When the sensor is exposed to e.g. N2O, the
charge carrier density increases linearly with the concentration, as evidenced
in the log-log plot in fig. 2.33 (a). The difference between a concentration of
0.1 ppm and 0.2 ppm is clearly measurable. Fig. 2.33 (b) shows the change in
resistivity of the graphene sensor upon exposure to 1.0 ppm of NO2 , NH3 ,
H2O, and CO. Prior to exposure, resistivity is constant (region I). There is a
pronounced signal, especially for NO2 and NH3 upon exposure. The signal it
saturates after a few minutes (region II) and does not attenuate after the gas
flow is turned off and the vessel is back to vacuum in region III. A mild anneal
to 100◦C recovers the sensor. Alternatively, the sample can be exposed to UV
radiation in order to remove the adsorbates and recover the initial state.
As the charge carrier mobility stays constant, the adsorbed molecules act
as donors or acceptors introducing additional electron or hole charge carriers
into the graphene layer.
Tuning the device parameters for an optimum response and setting the gate
voltage close to the minimum in n makes it possible to detect the attachment
and detachment of individual molecules to the device. In fig. 2.34 (a) the Hall
resistivity, which is a measure for n, is recorded for adsorption and desorption.
The response time is limited by the gas-handling system and a several-second
delay in the lock-in-based measurements.
The changes occur in steps. These steps are attributed to adsorption and
desorption events of single molecules. They have a preferred height, but they
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Figure 2.33: (a) Change in charge carrier concentration ∆n in the sensor
depending in the concentration C of N2O. inset: an SEM image of the
sensor in false colors. The width of the Hall bar is 1µm. (b) Changes in
resistivity, by graphene’s exposure to various gases diluted in concentration
to 1 p.p.m. The positive and negative signs of changes indicates electron
and hole doping. Region I: the device is in vacuum before its exposure;
II: exposure to a 5 l volume of a diluted chemical; III: evacuation of the
experimental set-up; and IV: annealing at 150◦C. For clarity, a transient
region between III and IV with a spike response upon annealing is omitted.
[133]
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Figure 2.34: (a) Changes in the resistivity upon adsorption of N2O(blue)
and its desorption at 50◦C (red) and upon exposure to pure He after a
long time anneal as a reference curve (green). (b) A histogram of the
step sizes of the change in resistivity for adsorption (blue) and desorption
(red). All changes larger then 0.5Ω and quicker then 10s were regarded as
a step. The resistance change at the probability peaks corresponds to one
additional electron in the sensor area. [133]
are not perfectly regular, because they can consist of several events withing
the time constant of the lock-in or may occur at the periphery of the sensitive
area of 1µm2. Therefore a statistical analysis of the step heights was made
(fig. 2.34 (b)). The central peak is due to noise, but the two other peaks are
due to desorption and adsorption of individual molecules. They lie at the
resistance change corresponding a change in charge carrier density n which
equals to one extra electron in the area of the sensor. It is therefore possible
to detect the attachment and detachment of single molecules from the gas
phase with this graphene sensor. [133]
This concept of sensing has been transferred to a pH sensor working in a
liquid environment [134].
The device used is based on epitaxial graphene on SiC(0001). A schematic
sketch is shown in fig. 2.35 (a). A liquid electrolyte is located between the
gate electrode and the graphene layer. The pH value of the liquid is tuned
by addition of KCl for small pH and KOH for large pH values. Applying a
negative gate potential induces the accumulation of OH− ions on the graphene
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Figure 2.35: (a) Schematics of a solution gate field effect transistor as a
pH sensor. (b),(c) The conductivity versus gate potential on (b) 1-2 layers
and (c) 3-4 layers of epitaxial graphene on SiC(0001). The measurements
were recorded in at constant drain-source voltage of -1V. The inset shows
the plot of shift in voltage for minimum conductivity, corresponding to the
Dirac point, versus pH. [134]
surface, a positive gate voltage induces the accumulation of H3O
+ ions. Their
electric field induces holes or electron in the graphene sheet. The conductivity
of the sensor is sensitive on the pH value of the electrolyte. [134]
2.4 Cluster materials
Clusters represent a distinct state of matter. Due to their size, they exhibit
a broad range of interesting new properties, such as magnetism for normally
non magnetic materials a highly increased catalytic activity or size effects in
the electronic spectrum [45, 46, 135]. These properties are of relevance for
information technology or energy efficient technology.
Clusters can be created and mass separated in the free beam, but the
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Figure 2.36: (a) Molecular dynamics simulation of a Ag561 cluster im-
pinging on a gold supported monolayer of C60. Snapshot of the after 50
ps. (b) STM topograph (200 nm×200 nm) measured at T=77K of Ag561
clusters deposited at T=165K on C60/Au(111) [137]
controlled growth or deposition of clusters on a surface is still a challenge.
2.4.1 Weakly interacting substrates
In order to preserve some of the properties of free clusters for deposited clus-
ters as well, often a weakly interacting substrate is chosen. The drawback of
weakly interacting substrates as HOPG or MoS2 is that clusters can be mo-
bile at room temperature, allowing them to coalesce randomly and aggregate
at defects and step edges [47].
Attempts to solve this problem are to to deposit clusters on cushioning
buffer layers of condensed noble gas at cryogenic temperature or C60 molecules
[136, 137]. Fig. 2.36 (a) shows a sideview of a C60 layer on Au(111) with a
Ag561 cluster on the layer. The STM topograph in fig. 2.36 (b) shows mass
separated Ag561±5 clusters on 1ML of C60 Au(111). The clusters do indeed
not fragment upon deposition. They also do not move laterally, but to inhibit
the interaction with the Au substrate at room temperature a second layer of
C60 is necessary as a cushion.
2.4.2 Template substrates
A common problem in cluster research, e.g. with respect to catalysis is, that
one has to work with very low cluster densities to avoid the coalescence of
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randomly arranged clusters. Consequently one has to cope with a very low
yield of the quantity to be measured. This is not only an experimental incon-
venience but it also makes such samples uninteresting for future applications.
An answer to this problem is the growth of clusters in a regular array. A
high degree of order guarantees that the environment for each cluster is the
same and at the same time allows for a high density of clusters. Although the
size dispersion of clusters grown on templated surfaces is wider than the nar-
row dispersion that can be achieved using mass separation of a cluster beam,
at least some growth techniques have been found to provide a narrow and
well known size distribution of clusters. Several avenues have been pursued
towards the goal of templated cluster growth.
(i) BN-”nanomesh” substrates were a promising candidate as a template
due to their mesh-like appearance in STM topographs but first attempts
have been unsuccessful [138, 139]. Finally the growth of ordered Co cluster
lattices was achieved on BN/Rh(111). The superlattice has a periodicity of
3.2 nm. Co was deposited at low temperature by repeated cycles of Xe-buffer
layer assisted growth (BLAG)7. This method is limited by the low growth
temperature and the incomplete filling of the template cells (see fig. 2.37)
[141].
(ii) Alumina double layers on Ni3Al exhibit a phase with preferential sites
for nucleation upon metal deposition. Cluster lattices were produced from
a variety of metals at room temperature. A high degree of order could be
achieved with Pd, based on the interaction of Pd with holes of in the oxide
superstructure [142]. Although Pd on alumina on Ni3Al seems to be suited as
a model catalyst, the preparation of the alumina layer is a challenging process
comprising defects and at least two phases of alumina of which only one is
suitable as a template. This imposes limitations on the lateral extent of the
cluster arrays.
(iii) On the vicinal Au(788) surface the equally spaced herringbone re-
7BLAG works as follows: A noble gas layer is deposited on the surface. A metal is
deposited on that layer. Then the temperature is increased so that the noble gas
evaporates. In this dewetting process, the deposited metal atoms aggregate to clusters.
The thickness of the noble gas layer grants some control over the cluster size distribution.
[140]
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Figure 2.37: (a) STM images after one BLAG cycle (0.05ML Co/ 5L
Xe, 30 nm×30 nm), (b) after two BLAG cycles (50 nm×50 nm) and (c)
after three BLAG cycles (100 nm×100 nm) (d) analysis of the BN mesh
occupation for 3% of a ML Co/5 L Xe per cycle (red) and 5% of a ML
Co/5L Xe per cycle (blue). Full coverage is not achieved. [141]
construction lines cross the regular steps. The resulting pattern provides a
grid of diffusion barriers which make it a suitable template for the growth of
Co cluster as shown in fig. 2.38. Magnetic properties such as the transition
temperature between the superparamagnetic and the blocked state, the ori-
entation of the easy magnetization axis, and the anisotropy energy have been
measured with XMCD. [143].
(iv) It is also possible to form regular arrays of clusters by self organization
of colloidal particles. [144]. This self assembly process forms highly ordered
cluster arrays. However, fundamental studies of this type of arrays are limited
by the presence of uncontrolled organic or oxidic shells around the clusters.
(v) On the W(110)/C-R(15×12) surface carbide arrangements of Au, Ag
and Co clusters can be grown, the latter two with a high degree of order [145,
146] as shown in fig. 2.39. Though the thermal stability of the arrangements
is rather good, no macroscopic extension of a superlattice is achieved due to
the persistent existence of terraces without the surface carbide.
(vi) Using a graphene moire´ as a template was introduced for the growth
of Ir ordered cluster arrays [42] and has recently been demonstrated for Pt
clusters on graphene Ru(0011) [105]. The universality of this approach is
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Figure 2.38: STM topograph of 0.2ML Co on the stepped Au(788) sur-
face deposited at 130K and annealed to 300K. Double layered islands
are formed, where reconstruction lines of the Au-surface intersect the step
edges [143].
demonstrated in chapter 6.
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Figure 2.39: STM topographs <0.12ML Ag on the (15 × 12) carbide
superstructure on W(110). In (a) the periodicity of the underlying tem-
plate is resolved (40 nm × 40 nm). (b) is the same as image a after image
processing for edge enhancement to emphasize the hexagonal shape of the
clusters. (c) Close to the ideal coverage, regular rows of clusters are formed
(80 nm × 80 nm). (d) Enlarged view with superimposed model of the hep-
tamer clusters (4 nm × 4 nm). [146].
3 Experimental
The experimental results presented in this thesis were acquired at multiple
locations. Scanning tunneling microscopy (STM) and low energy electron
diffraction (LEED) measurements were done at the 1. Physikalisches Insti-
tut IA˙ of the RWTH Aachen University and the II. Physikalisches Institut
of the Universita¨t zu Ko¨ln at the TuMA III variable temperature scanning
tunneling microscope [147]. Furthermore low energy electron microscopy and
photo emission electron microscopy measurements (LEEM/PEEM) were done
in the group of Michael Horn–von Hoegen at the Institut fu¨r Experimentelle
Physik at the Universita¨t Duisburg-Essen, Germany and in the group of Bene
Poelsema at the Solid State Physics MESA+ Research Institute of the Uni-
versity of Twente, The Netherlands.
The scanning tunneling facility will be briefly described.
3.1 STM
3.1.1 TuMA III
All STM experiments were carried out in ultra high vacuum (UHV) with a
base pressure around 1× 10−10mbar.
The system is equipped with a beetle type scanning tunneling microscope
(STM). The Ir(111) sample (2) is firmly mounted on the rotatable and trans-
latable manipulator (3) and can be positioned for preparation and analysis.
The sample can be cooled down to 90K with a reservoir cryostat (4). Heat-
ing is done with an electron beam heating. The temperature is measured with
a thermocouple (W75Re25/W97Re3) which is mounted to the sample. Low
temperatures are measured with a NiCr/Ni thermocouple which is spotwelded
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Figure 3.1: TuMAIII, equipment of the UHV system [(a) sideview, (b)
crossection]: (1) STM, (2) Ir(111)–sample, (3) manipulator, (4) cooling
reservoir, (5) ion gun, (6) Faraday cup, (7) four pocket e-beam evapora-
tor, (8) automated shutter (9) gas dosing system, (10) mass spectrometer,
(11) LEED, (12, 13) turbo molecular pumps, (14) titanium sublimation
pump, (15) cooling trap, (16) ionization pump [148]
to the sample holder. TuMA III is fitted with an ion gun with mass separa-
tion (5) and a Faraday cup (6) to measure the ion current at the sample
position. A four pocket e-beam evaporator (Oxford Applied Research EGN4
with ion monitor) is used for metal deposition (7). There is an option for an
automated or manual shutter (8). A gas dosing system is set for dosage of
two kinds of gas (e.g. O2 and C2H4) in proximity to the sample (9, see also
sec. 3.1.3).
The system is equipped with a mass spectrometer (10) and a 4-grid
LEED (11). The pumping is performed by turbomolecular pumps (12, 13), a
titanium sublimation pump (14), a cooling trap (15) and an ionization pump
(16).
During the vibration sensitive STM measurements the system relies on
the ionization pump and the cooling trap to keep the pressure around 1 ×
10−10mbar. The cooling pump was always filled after the exposure of the
sample to gases (e.g. ethylene) to prevent condensation and later release of
the process gases at the cooling trap.
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3.1.2 Reservoir cooling
The sample cooling system has been refitted in the course of this work. The
former cooling system was designed as a flow cryostat for liquid nitrogen. The
flowing nitrogen caused unwanted vibrations. The aim of using a reservoir
without flowing liquid was to suppress these vibrations.
The reservoir has a volume of ca. 200ml. The sample can be cooled down
to 90K and this temperature can be kept for 30 minutes before a refill is nec-
essary. The time for uninterrupted measurement increases upon subsequent
refills. Higher temperatures can be achieved with additional heating. For en-
hanced heat dissipation and to prevent boiling retardation and the formation
of large bubbles the copper font plate is coupled to a copper braid fanning
out into the reservoir. This braid is also important to dissipate heat when
the cooling is used with air as a cooling agent.
The thermal connection to the sample holder is made through a 99.99%
pure copper braid which has been glowed for softening [149] and enhanced
heat conduction.
3.1.3 Gas dosing
A dosing tube dispenses the gas close to the sample surface. The diameter of
the gas dosing tube (7mm) was chosen so that it is in the order of the sample
diameter to ensure homogeneous exposure 1. The opening of the tube is 2 cm
away from the sample surface. The local pressure in front of the sample is
thus much higher then the background pressure. The local ethene partial
pressure at the sample surface was assessed to be 80±20 times higher than
the measured background pressure (not taking into account any correction for
the sensitivity of the ion gauge). This factor was determined by exposing the
sample to the ethene flux for a short time at a fixed ethylene partial pressure
and subsequent TPG (see below in 4.1). The coverage with graphene was
then related to the ethene dose. As no carbon desorbs during heating [151],
this allows one to conclude on the local pressure at the sample surface.
1For a discussion of the influence of the diameter of the dosing tube on the homogeneity
see [150].
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In the following, we always specify the pressure measured away from the
sample surface, with an ion gauge distant from the doser.
3.1.4 Metal deposition
For the deposition of metals a four pocket e-beam evaporator was used. Most
metals were be evaporated from a rod, Pt was supported by a W-rod, a
crucible was used for the deposition of Au. See reference [152] for details.
Thorough outgassing was performed before each metal was used for ex-
periments. The pressure during deposition typically remained in the low
10−10mbar regime.
Precise calibration of the deposited amount Θ was obtained by STM image
analysis of the fractional area of deposit islands on the clean Ir(111) surface
after a defined deposition time. If necessary the sample was gently annealed
prior to coverage calibration. Through annealing the heteroepitaxial islands
became compact and their size increased, thereby minimizing imaging errors
associated with the finite STM tip size.
For the deposition of coronene, the evaporator was exchanged for an in
house developed evaporator for organic materials [153].
3.2 LEEM
LEEM/PEEM measurements were done in a commercial Elmitec LEEM III
and PEEM III, without and with energy filter respectively. This setup is
also equipped with sample preparation facilities, so no transfer of the sample
through air was necessary. The gas dosing was done through backfilling the
chamber without a gas dosing tube in proximity of the surface. The temper-
ature was measured with a thermocouple on the sample stage and with an
infrared pyrometer was been calibrated at TuMA III before.
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3.3 Experimental procedures
The sample was cleaned by repeated cycles of Xe+ (Ar+ in the LEEM/PEEM
setup) sputtering and annealing to 1450K–1570K yielding clean Ir(111) ex-
hibiting terraces extending over several 100 nm. In the LEEM/PEEM setup
carbon was also removed by oxygen etching through heating the crystal to
1123 K and exposing to a 1 · 10−7mbar partial pressure of O2. Complete
cleaning was verified in situ by the observation of metastable spot-like struc-
tures on the Ir(111) surface, which emerge under oxygen excess on the clean
surface accompanied by slight change in step contrast.
In the STM setup, the cooling trap was filled after the sample cleaning
process, in the LEEM/PEEM setup, where the base pressure was less ideal,
the experiment was started without delay to prevent graphene contamination
from the residual gas, which become apparent after some time.
Two growth methods were employed. The first one, consisting in room
temperature adsorption of the molecules followed by pyrolysis and graphene
growth at a fixed elevated temperature, will be referred in the following as
temperature programmed growth (TPG). As a second growth method chem-
ical vapor deposition (CVD) of ethene on a hot Ir surface was employed (see
4.1, 4.2 for a detailed description of the two growth methods).
Threshold PEEM imaging using a Hg discharge lamp yields a high intensity
from the graphene flakes and very low intensity from the bare Ir(111) surface.
Contrast between the different rotational domains is achieved in LEEM mode
at various electron energies.
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4 Growth of graphene on
Ir(111)
While most of the experimental research on graphene still relies on exfoliated
graphene, the route towards practical realization of graphene technology calls
for reproducible methods for the production of high quality graphene single
layers with macroscopic extension. To this respect, epitaxial graphene on a
silicon carbide (SiC) substrate has attracted much interest. Whatever the
recent progress in the preparation of graphene/SiC, except for graphene on
SiC(0001¯) (see table 2.1), the charge carrier mobilities remain comparable to
the first ones reported [2,12,60], and much lower than for exfoliated graphene
[154]. Whether these reduced mobilities originate from structural defects in
the graphene layer itself or in the buffer layer between the SiC substrate and
the graphene layer has not yet been elucidated. Additionally, the growth of a
well defined number of graphene layers on SiC appears to be a major difficulty,
as a mixture of mono-, bi-, tri-, etc, layers with distinct physical properties
is usually obtained. Graphene growth on dense packed surfaces of transition
metals – well known already since several decades [38] – receives currently a
renewed interest. Indeed, graphene growth catalyzed by the metallic surface
is self-limited to a single layer, and high structural quality can be achieved,
as recently shown for graphene on Ir(111) [155]. A further step towards
applications could involve the transfer of such graphene layers onto a non
conducting substrate [3, 18].
The first part of this chapter (4.1, 4.2) provides an analysis of the growth
of graphene on Ir(111), based on scanning tunneling microscopy (STM). The
motivation of the work reported below was threefold: (i) understanding the
growth mechanisms, (ii) settling procedures for the achievement of high struc-
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tural quality graphene, and (iii) tailoring the morphology of graphene, from
large continuous flakes to small graphene islands.
In situ growth studies with low energy electron microscopy LEEM and
photoemission electron microscopy PEEM have, however, highlighted a new
problem. The orientation of the domains that make up the graphene sheet is
not always in registry with the substrate. For the case of, e.g., Ir(111), four
different orientations have been observed [156]. This diminishes the graphene
quality as, e.g., electronic properties of graphene sheets depend sensitively
on the relative orientation with respect to the substrate [22, 24, 109]. Also,
applications of cluster superlattices of magnetically, optically, or catalytically
active materials grown on the graphene sheets ( [42] and chapter 6) require
full control over the orientation of the domains. In section 4.3 of this chapter
we address this problem by tailoring the epitaxial process to grow a millimeter
sized, monoatomic thickness graphene sheet of single, aligned orientation.
For any technological application it is of utmost importance to avoid or
at least control the defects in graphene associated with the epitaxial growth
process. Such defects may result from growth obstacles caused by substrate
steps [12,15] or by the coalescence of finite sized graphene domains [17].
Branched line defects are present in mono- or multilayers of continuous
graphene at room temperature after high temperature (>1000K) epitaxial
growth on several metals and on SiC. Their nature has been under debate.
While some authors attributed the branched line defects to carbon nanotube
formation [37, 157–159], current research evidences that they are wrinkles in
the graphene layers on SiC [7, 160–162] as well as on metals [156, 163, 164].
For wrinkles in graphene on SiC very recent atomic resolution scanning tun-
neling microscopy (STM) data provide unambiguous evidence for the wrinkle
interpretation [162]. Very recent LEEM and STM data provide evidence for
the presence of wrinkles also in monolayer graphene on Ir(111) [156]. Wrin-
kle features have also been observed in layered transition metal dichalco-
genides [165]. Among other suggestions several authors attribute the occur-
rence of wrinkles to the difference in the thermal expansion coefficients of
graphene and its support [156,160,162–164]. Consistent with that mismatch
is the observation of compressive strain in epitaxial graphene at room tem-
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perature [42,87,166]. This compression was found to vary on a length scale of
less then 300 nm [167]. Although in situ investigations could provide deeper
insight into the wrinkling phenomenon, such investigations are missing till
now.
In 4.5 we not only support the wrinkle interpretation of the branched line
defects by atomically resolved scanning tunneling microscopy (STM) imaging
of wrinkles on metals, but also gain a detailed insight into wrinkle formation
by in situ LEEM imaging and micro diffraction. Most noteworthy, LEEM and
micro diffraction ”see” not only wrinkle formation but also the structural
and electronic changes in adjacent µm-sized areas within the graphene. A
model is developed, which qualitatively agrees with our observations. We
examined epitaxial graphene on Ir(111) and Pt(111). Graphene has been
grown epitaxially by chemical vapor deposition of ethene (C2H4) at elevated
temperatures in ultra high vacuum.
4.1 Temperature programmed growth
4.1.1 Results
By STM we observed the carbon precipitation after TPG using a heating
interval of 20 s at varying temperatures. Carbon islands grown by an 870K
TPG step [figure 4.1(a)] have a typical diameter of less than 2 nm and vary in
height. In contrast to this, TPG at 970K [figure 4.1(b)] leads to the formation
of flat islands which have a well defined height and straight edges. From this
temperature on the islands exhibit a typical moire´ superstructure [32,42,155].
The moire´ structure can be resolved for low tunneling resistances [see inset of
figure 1(e)]. At all temperatures island formation takes place on the terrace
and at preexisting iridium step edges.
Figure 4.1(a)-(e) shows a marked decrease of the density of the graphene
islands as the growth temperature is increased above 970K. This decay cor-
responds to an increase of the island typical size, from a couple of nanometers
to several 10 nm. Figure 4.1(f) shows the dependence of island density n on
temperature which displays a pronounced decrease of island density above
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Figure 4.1: STM topographs [250 nm × 250 nm; insets (a)-
(c) 62 nm×62 nm, inset (e) 40 nm×40 nm] of graphene prepared along the
TPG procedure, after annealing for 20 s to (a) 870K, (b) 970K, (c)
1120K,(d) 1320K, (e) 1470K. (f) Density n of graphene islands as a
function of the annealing temperature T in the TPG.
970K.
It is visible in figure 4.1 that the island shapes depend on the TPG tem-
perature. While at low TPG temperatures [figure 4.1(a)-(b)] only compact
islands are visible, at 1120K [figure 4.1(c)] smaller compact islands together
with larger non compact islands are visible. At higher temperatures [figure
4.1(d)-(e)] the islands are again compact. Note that at these temperatures
nearly all islands are attached to the step and barely any islands are left on
the terraces. Closeup images of typical islands zoomed to comparable print-
ing size show that the shapes are indeed different (figure 4.2). The very small
islands formed at 870K appear as spherical knobs with no specific features
[figure 4.2(a)]. After TPG at 970K [figure 4.2(b)] these island are compact
with straight step edges oriented along the dense packed 〈101¯〉Ir directions of
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(a) (b) (c) (d) (e)
Figure 4.2: STM topographs of typical graphene islands prepared with
the TPG procedure, after annealing for 20 s to (a) 870K, 3.2 nm× 3.2 nm,
(b) 970K, 6.2 nm× 6.2 nm, (c) 1120K, 18 nm× 18 nm, (d) 1320K 32 nm×
32 nm, (e) 1470K, 64 nm× 64 nm. The size of the white box corresponds
to the size of the smallest topograph (3.2 nm×3.2 nm). The islands un-
dergo a transition from an undefined, probably amorphous state over a
compact shape at low temperature to noncompact shapes at intermediate
temperature (c) back to more compact shapes at high temperature.
the substrate. On a local scale the edges are always modulated with the pe-
riodicity of the moire´. At intermediate temperatures of 1120K [figure 4.2(c)]
the island edges are still along 〈101¯〉Ir directions, but the islands are no longer
compact. A more compact shape is assumed again at high temperatures of
1320K and 1470K [figure 4.2(d)-(e)].
The preferred edge orientation of the islands is parallel to the moire´ high
symmetry direction and parallel to the 〈101¯〉Ir directions of Ir(111). As the
〈101¯〉Ir directions and the 〈112¯0〉C directions of graphene are aligned [32],
the islands display 〈112¯0〉C oriented zig-zag edges. The edges of epitaxial
graphene will be discussed in detail in a forthcoming publication.
Figure 4.3 shows the evolution of the density of islands as a function of the
annealing time at 1120 K and 1320 K. Within 1000 s annealing, the island
density has decayed by 25 % at 1120 K and 35 % at 1320 K, while the total
graphene coverage is unchanged. These changes are only moderate compared
to the changes in island density by increasing temperature [figure 4.1 (e)].
The first step towards graphene formation is the thermal decomposition of
ethene which is complete at approximately 800 K [151]. The clusters obtained
after TPG for 20 s at 870 K [figure 4.4 (a)] possess a variety of heights and can
therefore not be considered as graphene, which has a constant apparent height
80 Growth of graphene on Ir(111)
500 1000 1500 2000 2500 3000
0.00000
0.00005
0.00010
0.00015
0.00020
n
(i
sl
a
n
d
s
/
si
te
)
annealing time (s)
T=1120°C
T=1320°C
Figure 4.3: Density of graphene islands as a function of the annealing
time after annealing to 1120 K (squares) and 1320 K (filled circles).
for each set of tunneling parameters. Forming carbon clusters by TPG at a
temperature of 970 K yields flakes of homogeneous apparent height [figure 4.4
(b) ]. These flakes show step edges along the dense packed Ir(111) directions,
just as graphene flakes grown at higher temperature do, indicating that the
formation of graphene takes place at a temperature between 870 K and 970
K. This situation is similar to TPG with ethene on Pt(111) where a transition
from carbidic clusters to graphene takes place around 800 K [168].
In order to assess the amount of deposited molecules which was transformed
into graphene we exposed the Ir(111) surface 30 s to an ethene flux in front of
the gas doser resulting in a chamber pressure of 2×10−7mbar. This exposure
is even enough to ensure saturation coverage from the ethene background
pressure only, regardless of the local pressure enhancement by the gas doser.
The resulting coverage after TPG with an annealing time of 20 s results in an
areal coverage of (22±2)% regardless of the temperature in the range between
1120K and 1470K. The graphene coverage θ corresponds to an initial ethene
molecule density of νC2H4 =
1
2
θνC = 0.423 × 1019m−2 = 0.27 × νIr(111) and
νIr being the density of Ir(111) surface atoms of 1.57 × 1019m−2. This is
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Figure 4.4: STM topographs (60 nm×60 nm) of carbon islands prepared
with TPG at (a) 870K and (b) 970K with corresponding height pro-
files. The height profiles show that in the case of the lower annealing
temperature, the apparent height of the islands varies, whereas for an an-
nealing temperature of 970K the apparent height corresponds to the value
of 0.21 nm as expected for graphene on Ir(111). (The peaks marked with
an x must be disregarded, because there the profile is only crossing the
periphery of the cluster.)
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Figure 4.5: STM topograph (125 nm×125 nm, imaged at 300K) of
graphene prepared by TPG at 1120K. 1.3ML of coronene adsorbed at
125K was used as molecular starting layer.
consistent with a weakly ordered
√
3 × √3 superstructure with less then 1
3
ethene molecules per site and no loss of carbon during dehydrogenation [151].
The areal coverage with graphene for pressures below saturation was used as
a calibration mark for characterization of the gas dosing tube as described in
section two.
To demonstrate the versatility of the TPG method also coronene (C24H12)
molecules were employed to grow graphene. An areal coverage of (130±10)%
was deposited at 125 K and imaged with STM. TPG at 1120 K for 20 s
results in the formation of graphene islands (figure 4.5), with a (55 ± 3)%
areal coverage. This coverage corresponds to an areal density of νC24H12 =
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(8.8 ± 0.5) × 1017m−1 = (0.056 ± 0.003) × νIr(111). The amount of carbon in
the graphene after heating is less than the amount that has been deposited
in the form of coronene. However, the coverage corresponds to the carbon
from a saturated monolayer of coronene on a metal (e.g. on gold: molecule
density of (8.7 ± 1.6) × 1017m−1) [169]), which is close to a densely packed
flat layer of coronene molecules as estimated from the van der Waals radius
(10 × 10−17m−1). This indicates that only the first layer takes part in the
decomposition process, while additional molecules are desorbed during the
sample heating. The higher degree of coverage from TPG with coronene in
comparison to ethene is well understandable as the saturated coronene layer
bears more carbon atoms in a given area than the saturated ethene layer.
4.1.2 Discussion
Edges and substrate interaction
The global orientation of the graphene edges as well as atomically resolved
images show that in the system studied here edges are predominantly of the
zig-zag type. The edges are most probably terminated by unsaturated carbon
atoms as found in the related system graphene/Pt(111) [170]. The prevalence
of zig-zag edges is in contrast to the situation found for hydrogen-terminated
extended graphene-like molecules (polycyclic aromatic hydrocarbons), where
the armchair edge is kinetically more stable [171]. A reconstruction of arm-
chair edges, which is lower in energy then then the zig-zag edge is also pre-
dicted by density functional theory [172].
The occurrence of straight steps in graphene islands is a sign of a thermally
activated process allowing carbon atoms to move at the step. This process
appears to be rather slow, as larger islands are not in their equilibrium shape.
The most simple process to enable transport of atoms along the step edge is
the jumping of single C atoms bound to the step in a phenyl-like geometry
from one binding site to the next. However, as already a C-C single bond
is rather strong (≈ 4 eV) this process becomes only activated (i.e. happens
with a frequency of 1 Hz) at ≈ 1500 K (using as an attempt frequency the
respective stretching mode of Toluene [173]). Therefore, more complex co-
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operative processes must take place here. Examples for such mechanisms
are known for small polycyclic aromatic hydrocarbons, where it was shown
that step adatoms in the form of heptagons inside the chain of hexagons or
advacancies in the form of pentagons can efficiently diffuse already at lower
temperatures [174, 175]. C diffusion at the edges could proceed through the
prominent role of C pentagons continuously formed at graphene edges, fur-
ther migrating than colliding, eventually resulting in the formation of the C
hexagons building blocks of graphene [176]. Such processes have strong simi-
larities with those describing soot formation initiated by H atoms [177]. The
presence of H atoms in the present system is unlikely but the initiation of the
reaction could as well be mediated by Ir.
Graphene islands at iridium step edges grind into the preexisting step edge,
deforming it significantly. The 1D interface between the Ir step and the
graphene flake is always straight apart from the periodic small scale modula-
tion with moire´ periodicity mentioned above. The step straightening of the
Ir-C step interface is very efficient. Edge diffusion may be facilitated by the
diffusion of Ir along the edge, which is present at the temperatures used for
graphene growth [178].
Ripening
In order to understand the reduction of island density with increasing an-
nealing temperature, we have to consider a process which can transform a
morphology as depicted in figure 4.1(b) into the morphologies of (c), (d) and
(e).
All annealing experiments start from the same initial state. This implies
that the result of a TPG cycle with 1470 K will have had the lower temper-
ature results of TPG as intermediate states.
Two ripening mechanisms are the candidates for such a process: First Ost-
wald ripening, i.e. the preferential growth of large islands at the expense of
dissolution of small ones through their higher two-dimensional vapour pres-
sure of carbon adatoms (or small clusters thereof) [179]. Second Smolu-
chowski ripening, i.e. the reduction of island density through mobile islands
coalescing upon contact [180].
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Ostwald ripening implies the evaporation of carbon atoms from the
graphene islands. As considered above, the detachment of carbon atoms
from the edge is unlikely for temperatures below 1500 K. At a temperature
of 1120 K where ripening takes place, the resulting detachment frequency of
×10−5 Hz is too low to contribute significantly to the coarsening at a timescale
of s.
With Smoluchowski ripening entire islands move. At first glance it may
seem counterintuitive that nanometer sized islands move, regarding the large
number of carbon atoms binding down to the iridium substrate. However, it
becomes plausible considering that graphene is incommensurate on Ir(111).
As the island is very rigid, the graphene structure does not lock into the pe-
riodicity of the substrate at a specific registry. This implies the barrier for
movement to be negligible, because for every carbon atom which is moved
away from its optimum binding site, another atom gains energy by slipping
towards a good binding site. Only the atoms at the edge probably bound
stronger to the substrate and possibly without a counterpart in the lattice to
compensate for the displacement may eventually experience a barrier for is-
land diffusion. The activation energy should roughly scale with the perimeter
of the island.
Our data are strongly in favor of Smoluchowski ripening, i.e. of graphene
island diffusion and coalescence. Assuming Smoluchowski ripening our island
shape observations can be interpreted as follows. The observed island density
decrease is through continuous island diffusion and coalescence. Specifically
with the completion of the transition from carbidic clusters to graphene is-
lands a strong increase of island mobility takes place explaining the dramatic
decrease of island density above 970K. If at 1120K small compact graphene
islands with dense packed step edges touch during island diffusion, they co-
alesce. However, as the time needed to reshape an island to its compact,
minimum energy shape is a strongly increasing function of island size (it in-
creases by the power 3-4 with the diameter of the final compact island [181])
coalesced islands are not able to reshape on the time scale of the TPG experi-
ment (incomplete coalescence). Therefore, as observed large, irregular shaped
islands resulting from fresh incomplete coalescence together with small com-
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pact islands are present after TPG at 1120K [compare figures 4.1(c), 4.2(c)
and 4.5]. Especially the presence of inclusions in large irregular islands as
visible in the inset of figure 4.1(c) becomes understandable as the result of
incomplete coalescence of several islands. After TPG at higher tempera-
tures the mobile graphene islands are found nearly completely at steps [figure
4.1(d)-(e)]. During their random walk the mobile islands hit steps, where they
get stuck (see also below on the binding mechanisms). Once the graphene
islands stick to steps, their mobility along the step is likely to be reduced
compared to the terrace one, coalescence becomes thus rare and the islands
have again sufficient time to maintain a compact shape. Note that due to the
sticking of graphene islands to steps no clear powerlaw dependence of island
number density on annealing time can be expected [182].
Assuming to the contrary Ostwald ripening through the attachment and
detachment of single carbon adspecies, the appearance of irregular shaped
large islands and inclusion in these is not understandable. Also the disap-
pearance of all, even the largest islands, from terraces is hard to understand
in the absence of graphene island mobility. Nevertheless, later LEEM inves-
tigations did not show the motion of island. The investigated islands were
larger than 50 nm
4.2 Chemical vapor deposition
4.2.1 Results
Figure 4.6 shows a sequence of STM topographs of the Ir(111) surface after
CVD growth of graphene was performed at 1120K. The ethene dose was
increased from figure 4.6(a) to (d), maintaining the ethene partial pressure
at the ion gauge at 5 × 10−10mbar and increasing the time the hot Ir(111)
surface is exposed. Graphene is unambiguously identified by a well defined
height and the occurrence of a moire´ superstructure [32,42,155]. The insets in
figure 4.6(a)-(d) highlight the regions of the surface which are covered with
graphene. We make the following observations: (i) graphene is exclusively
located at the substrate step edges for low coverages, (ii) graphene frequently
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(a) (b)
(c) (d)
Figure 4.6: Differentiated STM topographs (1µm × 1µm) at 300K of
graphene grown on a Ir(111) surface at 1120K, by exposure to an ethene
partial pressure of 5× 10−10mbar, during 20 s (a), 40 s (b), 160 s (c), and
320 s (d). Insets are scaled down versions of the large topographs: (a,b)
graphene on lower (upper) terrace is marked blue (red); (c,d) graphene
areas are coloured blue/red.
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spans on both sides of the step edge, and (iii) the larger fraction of graphene
is at the lower terrace (70% for doses of 4× 10−8mbar s), (iv) while there are
graphene flakes attached only to an ascending step edge, no graphene flakes
were ever observed attached only to a descending step edge. At low doses, it
is possible to make out the graphene location with respect to the step edges
(ascending/descending); this is no more possible at larger doses due to the
coalescence of growing islands and the growth of islands over steps.
At 1120K, CVD enables full coverage of the Ir(111) surface. For a given
ethene partial pressure, the graphene coverage as a function of the dose first
linearly increases, and then asymptotically approaches 100% with a decreas-
ing rate [figure 4.7(a)]. The coverage increase is accompanied by a decrease of
the island density, already after the lowest dose of 20 s ethene (5×10−10mbar)
employed [figure 4.7(b)]. Therefore coalescence is already in progress at the
second lowest dose of 40 s ethene, i.e. for a coverage of 10%. The uniform
size of graphene islands for the dose of 20 s of ethene suggests that the nucle-
ation stage is already over while coalescence did not yet start. CVD growth
was also performed with higher ethene pressures. For higher ethene pressures
[4× 10−9mbar (diamond in figure 4.7) and 5× 10−9mbar (triangle in figure
4.7)] the coverage appears to be lower after the same ethene dose.
The crystallinity of graphene at various stages of the CVD procedure at
1120K was investigated taking benefit of the moire´ appearing in magnified
STM topographs. Figure 4.8(a) is typical of a graphene island extending
on both sides of a substrate step edge. As highlighted in the inset of figure
4.8(a), there is a single moire´ domain which spans across the step edge. This
was recently shown to be an indirect evidence for full structural coherency
of graphene [155]. The Ir(111) step edge underneath is partly aligned with
the high symmetry direction of the moire´. This situation, which corresponds
to a 〈101¯〉Ir iridium step edge parallel to a 〈112¯0〉C graphene direction, has
evolved from profound reshaping occurring during graphene growth. This
reshaping of the iridium step edge that was originally smooth (see the typical
situation of figure 4.6) is highlighted by the black line in the inset of figure
4.8(a). In the case substrate step edges do not align with the moire´ high
symmetry directions [lower part of graphene island in figure 4.8(a)] the moire´
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Figure 4.7: (a) Average graphene coverage θ over the Ir(111) surface, as
a function of the ethene dose φ at 1120K. Experimental data for a partial
pressure of p = 5×10−10mbar is shown as open red circles. Orange squares,
purple diamond, and green triangle correspond to 1 × 10−9, 4 × 10−9,
and 5× 10−9mbar respectively. The modified Langmuir adsorption model
described in the text is shown for S = 0 (no desorption), S = 0.5 and S =
0.8 as a solid, a dashed, and a dotted blue line respectively. The dark solid
straight line stands for the hypothetical coverage that would be achieved
if all the provided ethene molecule would participate to graphene growth,
including those landing on the growing graphene islands. (b) Graphene
island density n as a function of the ethene dose for a 5 × 10−10mbar
ethene partial pressure.
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Figure 4.8: (a) STM topograph (171 nm × 171 nm) of graphene grown
by CVD on a Ir(111) surface at 1120 K, out of exposure to an ethene
partial pressure of 5×10−10 mbar, during 40 s. The arrows point out edge
dislocations at the boundary between two moire´ domains, at a terrace (1)
and at the very vicinity of the step edge (2). The inset shows the Ir(111)
surface (gray) supporting graphene and exhibiting a step edge (black line).
Different orientations of the moire´ are visualized with blue tones. (b) STM
topograph (2.7 nm × 2.7 nm) of graphene across a substrate step edge, and
(c) a corresponding line network of C rows showing two edge dislocations.
(d) STM topograph (70 nm × 73 nm) of two coalesced islands forming a
coherent graphene island (exposure to 5×10−10 mbar ethene during 20 s).
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orientation is often not preserved across the step edge. Still, a continuous
graphene lattice is ensured by the formation of edge dislocations, such as
the two ones visible at atomic scale in figure 4.8(b),(c). These dislocations
appear as bright protrusions at nanometer scale [155]. One is indicated by
the arrow labelled (2) pointing to the step edge in figure 4.8(a); it is similar
to the one designated by the arrow labelled (1) in figure 4.8(a) or to those
visible in figure 4.9. As a whole, graphene flakes after CVD at 1120K include
moire´ domains with typical extension between several 10 nm and a couple of
100 nm, some extending across step edges, and structurally coherent through
edge dislocations.
Upon coalescence, growing graphene islands become coherent. This is
pointed out in figure 4.8(d), where one observes the continuity of the moire´
between two islands, though the orientation of the moire´ differs from one
island to the other. This implies that the atomic graphene lattices of the
two islands match upon coalescence. The slight misorientation of the islands
amplified by the moire´ is accommodated by edge dislocations [155].
Annealing has a noticeable effect upon the structural quality of graphene
grown by CVD. First, the irregular graphene edges observed after growth
at 1120K [figure 4.9(a)] are smoothened by an annealing step at 1220K for
several 10 s [figure 4.9(b)]. Second, dark dots, with sizes ranging from a
fraction of a nanometer to a couple of, are observed in graphene as prepared
through CVD. These features systematically appear as depressions in the
graphene layer. Some of them, like the one nearby the arrow in figure 4.9(e),
are large enough for sharp STM tips to image the Ir(111) at the bottom.
This is apparent in the height profile passing through this hole [figure 4.9(f)].
We then conclude that they are holes in the graphene layers that could have
been trapped during growth. While the smallest features may consist of C
vacancies or divacancies [183], some of the largest ones could have evolved
from the agglomeration of small vacanies [184, 185]. The density of these
holes in graphene as prepared through CVD at 1120 K with 5× 10−10mbar
ethene during 80 s [figure 4.9(c)], is reduced upon a 1220K annealing step,
from several 10−5 per Ir site to at least two orders of magnitude less [figure
4.9(d)]. It also decreases as the exposure time to ethene during CVD at
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Figure 4.9: STM topograph of graphene grown by CVD on a Ir(111)
surface at 1120K, with an ethene partial pressure of 5×10−10 mbar, during
80 s, before (a,c) and after (b,d) annealing for 40 s to 1220K. Image size
is 500 nm × 500 nm for (a,b) and 125 nm × 125 nm for (c,d). Insets
show the graphene (hashed areas) on top of Ir(111) (gray). Inset of (c)
highlights holes (gray spots) in graphene, insets of (c) and (d) highlight
the Ir step edge (black line). (e) STM topograph (102 nm × 28 nm) of
graphene grown by CVD on a Ir(111) surface at 1120 K, out of exposure to
an ethene partial pressure of 4× 10−9 mbar, during 20 s, and (f) apparent
height profile along the horizontal passing through the arrow in (e).
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1120K is increased. For instance, after 640 s with 5× 10−10mbar ethene, the
density has almost decreased by one order of magnitude with respect to the
situation after 80 s.
Increasing the CVD growth temperature results in graphene with improved
structural quality, i.e. a better defined orientation and lower density of edge
dislocations [155]. At 1320K, single orientation is preserved across µm dis-
tances and substrate step edges, with no edge dislocation. Already for the low-
est ethene doses employed (2× 10−8mbar s), CVD at 1320K yields graphene
flakes with at least µm extensions separated by at least µm distances. Figure
4.10(a) shows part of a graphene island (upper right corner) sitting on a large,
bare iridium region. Coverage increases with ethene dose, either because the
size or the density of graphene islands increase. In fact, addressing the issue
of graphene/Ir(111) morphology achieved by CVD at 1320K is made difficult
by the µm field of view of our STM.
Decreasing the growth temperature has no noticeable effect on the over-
all graphene coverage (figure 4.11), consistent with the results of TPG and
the absence of desorption. It induces a marked decay of the typical size of
graphene islands (figure 4.10). Being in the µm range for 1320K growth tem-
peratures this quantity is one, two, and three orders of magnitude smaller for
1120K, 970K, and 870K respectively. This decrease is accompanied by an
increase of the density of islands at the substrate step edges, in a way that
the steps are almost fully covered with graphene at 870K.
At moderate growth temperature (870K and 970K), STM topographs show
that the graphene coverage at the substrate step edges is a well defined quan-
tity for a given ethene dose. It does not seem to depend on the terrace width
(from less than 10 nm to several 100 nm), as seen in figure 4.12(a). Whether
this is also the case at higher temperatures (1120K or 1320K) could not be
determined due to the limited field of view of the STM.
Whatever the growth temperature, substrate step edges play a prominent
role. There graphene nucleates from 970K on. At 870K, nucleation is still
highly preferential at the step edges, but graphene occasionally forms at the
substrate terrace, as observed in figure 4.12(b).
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(a) (b)
(c) (d)
Figure 4.10: STM topograph (455 nm × 455 nm) of graphene grown
by CVD on a Ir(111) surface at 1320K (a), 1120K (b), 970K (c), and
870K (d). The ethene partial pressure used for the growth of graphene is
5 × 10−10mbar, and the exposure time is 40 s, except for (a) where it is
80 s. Insets show graphene as hashed areas or in red (blue) when attached
at a descending (ascending) step edge.
4.2 Chemical vapor deposition 95
870 970 1120 1320
Growth temperature (K)
0
3
6
9
12
15
18
21
24
Co
ve
ra
ge
 (%
)
Figure 4.11: Graphene coverage as a function of the CVD growth tem-
perature, for an ethene dose of 2× 10−8mbar s.
(a) (b)
Figure 4.12: STM topographs of graphene grown by CVD at 870K with
a dose of 2× 10−8mbars˙. (a) 110 nm × 110 nm, (b) 70 nm×70 nm.
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4.2.2 Discussion
Graphene nucleation
As just shown [figure 4.12(b)], at 870K graphene not only nucleates at the
substrate step edges, but also rarely on the terraces. Consistent with our
results for TPG we interpret this observation as due to the thermal decompo-
sition of ethylene everywhere on the sample surface, i.e. at steps and on the
terraces. Above 870K, graphene islands are only found at step edges, mean-
ing that the C adspecies resulting from catalytic thermal decomposition of
ethene is highly mobile. The decrease of the one-dimensional graphene island
density with temperature, i.e. the increase of island separation along the step
with temperature, is evidence that nucleation along the step is homogeneous
and not at specific defect sites. We observed frequently graphene islands ex-
tending from the step only onto the lower terrace, but never islands extending
from the step only onto the upper terrace. As the areal fraction of islands is
also larger on the lower terrace [observation (iii)] we assume that nucleation
at the step takes place only at the lower terrace. The enhanced nucleation
probability adjacent to the step on the lower terrace may be due to a larger
C adspecies concentration or due to a smaller size of the critical nucleus (a
smaller nucleation barrier). While for graphene on Ni(111) a higher adspecies
concentration was predicted [186,187] we speculate that for Ir the size of the
nucleation barrier is lower. We noticed already for TPG and CVD that the
edges of graphene islands intensely interact with Ir steps. The most plausible
reason is the formation of partial bonds between graphene edge atoms and
step atoms of σ character. The formation of such bonds reduces the total
edge energy of a graphene nucleus, which reduces the height of the nucle-
ation barrier. Whether already C adspecies bind to Ir step atoms is an open
question. If yes, a concentration increase of the adspecies at the step would
result, giving rise to a further enhanced nucleation probability. As depicted
in figures 4.13(a),(b), a maximum number of C-Ir bonds can be formed if Ir
step edges align to graphene’s more stable zig-zag edges, i.e. if the 〈101¯〉Ir
direction is parallel to the 〈112¯0〉C direction, which also corresponds to a high
symmetry moire´ direction [figure 4.8(a)].
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Figure 4.13: Top-view (a-e) and side-view (f) ball models of the growth
of graphene on Ir(111). Carbon and iridium atoms are shown as purple
and gray circles, respectively. Arrows schematically indicate either some of
the atom movements (a-e) or graphene growth rate (f). C-Ir bonds at the
step edge are shown as red lines. Zig-zag carbon edges of two misoriented
domains are highlighted in (d) as thick solid lines; they lie parallel to the
iridium 〈101¯〉 step edges highlighted as dotted lines. A heptagon-pentagon
[7 and 5 labels in (d)] pair is present at the boundary between the two
domains (d,e).
We therefore propose the following scenario for nucleation of graphene is-
lands as typical: the C adspecies [figure 4.13(a)] nucleate at the lower side
of a step edge in the energetically most favourable configuration, i.e. with
〈101¯〉 Ir steps aligned with 〈112¯0〉 graphene steps. In order to maximize the
contact of the two steps [figure 4.13(b)] the graphene island will reshape the
Ir step during growth.
Growth at the upper part of step edges can only take place in the presence
of graphene at the lower terrace, namely if C atoms can form σ bonds with
the C atoms at the terrace below. This implies crossing the energy barrier
for breaking the C-Ir bond first, which may require numerous attempts. The
growth at the upper terrace would then be delayed [figure 4.13(c)]. This
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accounts for the observed relative areal proportion of graphene at ascend-
ing/descending step edges of 7/3. The single orientation of graphene on both
sides of a straight step edge [figure 4.8(a)] underlines the full structural co-
herency of the graphene lattice, which lies on the step like a blanket [155].
The energy cost of graphene covering a step edge is lower, the lower the
associated plastic or elastic deformation of the graphene lattice. Therefore
growth at the upper terraces first takes place across a dense substrate step
along a 〈101¯〉Ir direction, as shown in figure 4.13(c) and observed on STM
topographs like figure 4.8(a). This might also be an additional driving force
for reshaping substrate step edges. We speculate that once a graphene island
has overgrown a step edge, reshaping of the Ir step ceases. Further growth of
the graphene island on the lower terrace then has to match a less favourable
step orientation. This will generally imply a tilt of the graphene atomic rows
and cause the formation of a tilt boundary between island parts matching
differently oriented Ir substrate steps [figure 4.13(d)].
Growth over steps is observed neither for graphene on Ru(0001) [15] nor for
carbon nanotubes on Ni nanoparticles [188]. In these two cases, growth only
proceeds from the ascending step edge. In particular, the distance between
the carbon plane and a Ru(0001) surface (0.145 nm [15]) is smaller than
the substrate step height (0.220 nm). This is in agreement with the deep
modification of the electronic structure of the first graphene layer on Ru(0001)
[15, 19, 104], or of graphene on Ni(111) [25, 26], which suggests hybridization
between graphene π-bands and metal bands, i.e. the formation of chemical
C-metal bonds. To this respect, the case of graphene on Ir(111) is very
different. Indeed the distance between the graphene plane and the Ir(111)
surface was predicted to be 0.34 nm, on the basis of density functional theory
(DFT) calculations [106]. This is close to the distance between graphene
planes in graphite (0.334 nm), and is consistent with recent results putting
in evidence the weak electronic interaction with the Ir substrate [24]. The
graphene height provided by DFT (0.34 nm), is larger than the Ir(111) step
height (0.22 nm), which probably makes the σ-like C-Ir bonds at the step
edges much less stable than in the case of Ru or Ni step edges, and allows
graphene to grow over steps [figures 4.13(d,e)].
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From islands to full coverage
The size of graphene islands increases first through growth over ascending and
descending step edges by incorporation of mobile C adspecies or small clus-
ters resulting from dehydrogenation of ethene, and second through coherent
coalescence of graphene islands.
More can be learnt about graphene CVD growth by analyzing the surface
coverage θ as a function of ethene dose φ. We assume a modified Langmuir
adsorption model: ethene molecules stick to identical and independent un-
occupied Ir sites with probability S, and are removed instantaneously from
these sites to form graphene islands covering a fraction θ of the Ir surface.
Ethene molecules arriving on graphene islands either do not stick to them or
desorb immediately, unable to reach the sticky Ir substrate. Carbon diffusion
into the bulk in iridium is known to be much less than in other transition
metals like Ru, Rh or Re [98], and is therefore neglected in the following.
Whatever S, θ is lower than expected if all impinging ethene molecules would
be transformed in graphene [solid black curve in figure 4.7(a)]. Our model
assuming adsorption of ethene to Ir only yields
θ = 1− e−φ×S×Ω/
√
2πMkBT (4.1)
where M is ethene molar mass, kB the Boltzmann constant, T the temper-
ature of the gas molecules, and Ω = 5.2 × 10−20 m2 the unit area for C in
graphene on Ir(111). As seen on figure 4.7(a), this simple model with S = 1,
i.e. 0% ethene desorption from Ir and no diffusion into the bulk, fits quite
well the measured coverages for an ethene partial pressure of 5× 10−10 mbar
(circle symbols), without any adjustable parameter. This is a strong indica-
tion for no desorption, as also pointed out by the roughly constant graphene
coverage as a function of growth temperature, shown in figure 4.11. As the
assumption S = 0.8 leads only to a slightly worse agreement with the data,
we note that our conclusion has to be taken with caution.
At lower growth temperatures, 870K and 970K, STM shows that the
graphene growth rate at the step edges is independent of the substrate ter-
race –catalytic– area [figure 4.12(a)]. This markedly differs from the situation
of graphene on Ni(111), where the step coverage was claimed to scale with
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the terrace size [189]. The behavior we observe is an indication for an in-
terface limited growth, namely C incorporation at the graphene edges is the
limiting step. For interface limited growth no concentration gradients of the
adspecies are developed. Contrary to diffusion limited growth, the presence
of a graphene island then would not decrease the nucleation probability of
another island in its vicinity. The early coalescence of graphene islands, which
is already in progress for coverages as low as 10 % [figures 4.7(b) and 4.6(a)]
supports this view. Indeed, onset of coalescence for such low coverage is well
reproduced assuming random nucleation of graphene at step edges and a uni-
form C adspecies concentration over the Ir(111) surface. Finally, the influence
of the pressure upon coverage could also be interpreted in terms of interface
limited growth. In particular, increasing the pressure to 4− 5 × 10−9 mbar,
i.e. by a factor of 10 [7 × 10−8 and 8 × 10−8mbars˙ doses, corresponding to
triangle and diamond symbols in figure 4.7(a)], yields coverages that are not
accounted for by S = 1. This could be an indication for C desorption during
the limiting step.
During the time C incorporation at graphene edges takes, C adspecies not
directly in contact with graphene could either desorb, diffuse into the bulk, or
travel µm distances until they encounter graphene islands where they could
incorporate (surface diffusion from high to low density of steps regions). For
an ethene partial pressure of 5× 10−10mbar however, desorption is ruled out
at 1120K, as shown before. Therefore at lower temperature and the same
pressure, it should also be irrelevant. Even if it is relevant at 1120K but
a higher ethene partial pressure (4 − 5 × 10−9mbar) as argued previously,
assessing the activation energy for desorption at 1120K yields a frequency
of 1 × 10−4 Hz at 870 K, which is negligible. Therefore, surface diffusion
over large distances is the prominent process already at 870K and 970K.
This might account for the large typical length scales in the graphene/Ir(111)
morphologies achieved at 1120K, and to a larger extent at 1320K.
Carbon mobility in and at the edges of graphene
Finally, the compact morphology of the graphene islands is evidence for
efficient C diffusion at the graphene edges. This was discussed earlier as
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accounting for the straight edges observes for the graphene islands grown
through TPG. Annealing effects, namely smoothening of graphene edges and
quenching of vacancy (hole) density, provide strong evidence for C or vacancy
mobility to and at the step edges. Vacancy defects in graphene and heptagon-
pentagon pairs, the latter were recently claimed to evolve from the first in C
nanotubes [185], are both expected to be mobile if the corresponding energy
barrier is low enough. It was predicted that C vacancy diffusion in graphene
has a ∼ 1 eV energy barrier [183], corresponding to 10−2Hz phenomena at
room temperature, and consistent with real-time observations in carbon nan-
otubes, for vacancies or divacancies [190, 191] and even much larger vacan-
cies [184]. Heptagon-pentagon pairs were also observed to be mobile [191].
At the temperature of interest here, vacancy or defect diffusion should be sig-
nificant, and so should be diffusion through the island interior to the edges.
Noteworthy, these C transport processes via the interior of the islands could
also be involved in the smoothening of the edges of graphene islands grown
by TPG.
4.3 Selecting a single orientation for
millimeter sized graphene sheets
4.3.1 Full layer chemical vapor deposition
First, growth of a graphene sheet was studied at a temperature of 1411 K
by exposing to an ethylene partial pressure of 1 · 10−7 mbar. The formation
of the graphene is shown in fig. 4.14. Initially, only a single phase forms
that has its lattice vectors parallel to the substrate lattice. Later, graphene
domains that are rotated with respect to the substrate lattice are observed to
form at the edges of the original nuclei and grow at a rate that is substantially
faster. In what follows, we shall refer to these as parallel and rotated domains,
respectively. The structure of the graphene sheet after it has completed is
shown in fig. 4.14(d). A substantial fraction of the sheet consists of rotated
domains.
In 4.15 a) a bright field LEEM image of CVD grown graphene on Ir(111) is
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Figure 4.14: 50µm FOV PEEM images of graphene growth on Ir(111) at
T = 1411K. (a, t=0 s) The Ir(111) substrate after O2 etching at elevated
temperatures. (b, t=265 s) Two different types of domains are observed
to form. The brighter of the two is aligned with the substrate, whereas
the other, darker, type of domain is rotated by approximately 30◦ with
respect to the substrate. (c, t=795 s) The rotated domains expand at a
higher rate than the parallel domains and occupy a larger fraction of the
surface area. (d, t=2120 s) The film has fully closed to form a graphene
sheet consisting of various rotational domains. (e) Relative area fractions
of the two different types of domains that are visible in panels (a)-(d). The
majority of the graphene sheet consists of rotated domains.
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Figure 4.15: (a) bright field LEEM image (field of view: 15µm, elec-
tron energy: 2.68 eV) of the two graphene phases and uncovered Ir(111) at
room temperature. (b) Zoomed out PEEM image of the same area as in
(a) (field of view: 25µm) The area used for the microdiffraction pattern in
(d) is illuminated by the electron beam (bright circle). (c) microdiffrac-
tion pattern of the parallel graphene phase (electron energy: 45.9 eV) (d)
Zoomed out PEEM image of the same area as in (a) (field of view: 25µm)
The bright spot marks the area used for the microdiffraction pattern in
(e) (e) microdiffraction pattern of the rotated graphene phase (electron
energy: 45.9 eV)
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shown. Graphene in the upper area is imaged brighter than graphene in the
lower area, and there is a gulf of bare iridium cutting in from the right. The
images (b) and (e) are photo emission electron microscopy (PEEM) images
of the same region. Iridium is imaged black, graphene from the upper area
of (a) is imaged darker than graphene from the lower area. The bright circle
displays the position of the electron beam for the LEED images in (c) and (e).
The LEED patterns show that in the case of bright graphene in LEEM (dark
in PEEM), there is a rotation of graphene’s [112¯0] direction with respect to
the substrate’s [101¯] direction whereas in the dominating phase - darker in
LEEM (bright in PEEM) the dense packed directions of graphene and Ir(111)
are parallel. The electronic properties of the film shown in fig. 4.14(d) will
therefore vary strongly as a function of position. This observation can be
inferred from the threshold PEEM images in fig. 4.14. From the simple ob-
servation that contrast between different domains is observed in these images,
we conclude that there is a significant variation of the electronic structure of
the film between different domains. Even though the sheet thickness is very
uniform and could already be characterized as a high quality graphene film,
further control over the rotational orientation of the domains is desired.
4.3.2 Cyclic etching
One way to produce a high quality graphene film of a single rotational phase
is done by exploiting the differences in reactivity of the edges of the various
rotational domains. Not only do the three types of rotated domains grow
at a rate that is higher than that of parallel domains, they are also etched
away by oxygen at an increased rate [100]. This property of the rotated do-
mains can be exploited to minimize their fractional coverage during the early
stages of growth. Fig. 4.16 highlights this experimental approach. The Ir(111)
surface was alternatingly exposed to ethylene and O2 at partial pressures of
5 · 10−8mbar. Exposure to ethylene leads to the formation of new nuclei and
continued growth of parallel domains. It also gives rapid growth of any ro-
tated domains that have formed. Exposure to O2, shown in fig. 4.16(b), then
preferentially etches away the rotated domains until only parallel domains
remain. Cyclic repetition of this procedure yields a monolayer thick, near
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Figure 4.16: 102 µm FOV PEEM images of graphene growth on Ir(111)
obtained at a temperature of 1126 K. (a, t=344 s) Several parallel and
rotated domains have nucleated after the first growth cycle. (b, t=1374 s)
The first O2 etching step has completely removed all rotated domains. (c,
t=4564 s) After two more etch and growth steps, the graphene film now
consists of a majority of parallel domains. Rotated domains continue to
nucleate at every growth step, as is visible in the image. (d, t=7865 s)
The film has fully closed to form a graphene sheet. A relative fraction of
99% of the sheet consists of parallel domains. (e) Relative area fractions
of the two different types of domains that are visible in panels (a)-(d).
The fraction of rotated phase is reduced to zero after every etch step,
but it cannot be prevented from forming in the last growth step, which is
necessary to close the film.
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uniform graphene sheet. A relative fraction of 99% of the sheet consists of
parallel domains. The drawback of this method is that closure of the film
to produce a “perfect” graphene sheet is not possible. The last step in the
growth process always has to be a growth step, implying that the nucleation
of rotated domains can never be fully prevented. This makes the completion
of the film into a “perfect” graphene sheet impossible and yields a sheet that
is similar to the one shown in fig. 4.16(d).
4.3.3 TPG + CVD combination
The nucleation of rotated domains occurs at the edges of parallel domains
[156]. In our measurements, we also observe that growth of parallel domains
and the nucleation of rotated domains occurs predominantly at those edges
that do not run parallel to the substrate lattice vectors. This observation
was exploited to further improve the quality of the films beyond what was
demonstrated in fig. 4.16 with the cyclic recipe. A monolayer of ethylene was
preadsorbed on the surface at room temperature. Upon heating the substrate
to the growth temperature this leads to the formation of a high density of
small parallel graphene domains that have edges parallel to the substrate lat-
tice. This effectively forces any graphene domains that impinge on existing
nuclei to maintain their parallel orientation. Fig. 4.17 highlights the subse-
quent growth when the substrate is exposed to an ethylene partial pressure of
1 ·10−7mbar. Figs. 4.17(b) and (c) illustrate that growth of parallel domains
is observed only in those locations where domain edges have an orientation
that is rotated with respect to the substrate. Small domains with edges ori-
ented parallel to substrate lattice vectors are not observed to grow, illustrated
by the STM image shown in fig. 4.17(e). Rotated domains do not form. The
graphene sheet that is produced through this approach is completely free of
rotated domains. The µLEED pattern that is shown in fig. 4.17(f) is measured
over several millimeters of our 6mm wide sample. Defects are sporadically
found, but always in locations where we have to presume that they were in-
duced by features present on the Ir(111) substrate. The graphene sheet that
is formed through this recipe has the added advantage that its orientation
is uniquely determined by the orientation of the Ir(111) substrate. In other
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see caption 4.17
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Figure 4.17: 4µm FOV LEEM images of graphene growth on Ir(111) at
a temperature of 1113K and recorded with an electron energy of 18.6V.
(a, t = 0 s) Start of ethylene exposure of the surface. The Ir(111) sur-
face has been precovered with many small graphene nuclei, appearing dark
in the LEEM images. (b, t=139 s) Several of the predeposited domains
have started to grow. Those domains that have edges along the substrate
crystallographic directions are not observed to grow. (c, t = 631 s) The
graphene film has nearly evolved into a sheet. No rotated domains that
would yield a higher intensity than the parallel domains, are observed.
Several precovered domains still persist and do not grow. (d, t = 1279 s)
The film has fully closed to form a graphene sheet consisting of domains of
only a single orientation. (e) A 0.25 µm FOV STM image of the growth
of the parallel phase taken after the graphene film was only partially com-
pleted. The smaller nuclei with straight edges running along substrate crys-
tallographic directions have not grown significantly, whereas domains with
edges of differnt orientation have (It = 0.5 nA, Vt = 0.5V). (f) µLEED pat-
tern obtained of the closed graphene film. The orientation of the graphene
is unaltered when the beam is scanned over an area of several millimeters.
(g) Coverage of the parallel phase as a function of time for the images
shown in panels (a)-(d). The exponential curve is a fit for the self-limited
growth mode of the graphene on Ir(111) [155].
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words, after the sheet has been lifted off the substrate, its orientation with
respect to the substrate to which it is going to be applied is already known.
4.4 Industry compatible CVD growth
For the preparation of graphene layers for applications UHV conditions are
not a desired prerequisite. We therefore demonstrate, that the growth of high
quality graphene is also possible in an unbaked high vacuum (HV) system.
These experiments are preliminary and can be augmented by the application
of transfer techniques [7] and subsequent characterization.
4.4.1 Preparation
An Ir(111) crystal which had been prepared for STM by repeated cycles
of sputtering and annealing and afterwards exposed to air was used as a
substrate. The treatment before the growth included touching the surface
with adhesive tape and rinsing with acetone.
The growth was performed in a high vacuum chamber with a base pressure
of 3.2 × 10−7mbar. The chamber was equipped with a gas inlet for O2 and
C2H4. The Ir(111) single crystal sample was welded to a Ta foil which in turn
was hooked to a tungsten wire (0.25mm diameter). A NiCr/Ni thermocouple
was attached to the sample. The setup is sketched in fig. 4.18.
The sample was indirectly heated to 850◦C causing the pressure to rise to
3.6 × 10−6mbar. The sample was cleaned by the exposure to an additional
partial pressure of (4 ± 1) × 10−7mbar of O2 for 4 minutes. Subsequently
the gas in the gas line was changed from O2 to ethene. This caused a delay
of < 1min before the CVD growth with C2H4 at a partial pressure of also
(4± 1)× 10−7mbar for 4 minutes was performed.
After cooling the system was vented and the sample was transfered through
air to a Zeiss Neon 40 scanning electron microscope. The surface was imaged
with an electron energy of 5 keV.
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Figure 4.18: Schematics of the graphene preparation setup: 1: Ir sample,
2: Ta-foil with hole, 3: W wire at connected to a high voltage feedthrough,
4: spiral-wound glow filament, 5: thermocouple, 6 pressure gauge, V1 –
V3 viton valves for the gas inlet, V4 dosing valve, RVP: rotary vane pump,
TP: turbo molecular pump, T: temperature readout, P: pressure readout.
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4.4.2 Results
The SEM images show, that the high vacuum conditions are sufficient to grow
several micrometer large graphene flakes (4.19). The flakes are scattered on
the whole sample surface. Yet there are some contaminations around which
no graphene islands are found (see fig. 4.19 a). Possibly they are a sink for
diffusing carbon adspecies, so that the critical supersaturation [156] cannot
be achieved in their vicinity.
The shape of the islands is hexagonal with straight edges (fig. 4.19 b). This
suggests, that they are indeed monodomain graphene islands. A closer look
reveals, that the edges are partly ragged (fig. 4.19 c). This may be caused
during handling. For instance it was tried to remove the graphene layer with
an adhesive carbon pad next to the areas shown in fig. 4.19 a–c.
Fig. 4.19 d displays a direct comparison of the treated and untreated part
of the surface. The adhesive carbon pad had been sticked to the left part of
the surface, the right part is pristine. Although a difference between both
halves of the image is present, it is clear that the graphene flakes have not
been removed by the adhesive pad. The exact nature of the influence is also
not clear.
It has been shown, that high vacuum conditions are sufficient to grow
high quality graphene films on Ir(111). This is plausible because all relevant
processes occur at high temperatures, where most molecules do not stick or
are decomposed on the surface.
4.5 In-situ observation of stress relaxation
and wrinkle formation
4.5.1 Wrinkle formation
Figure 4.20 a) shows a bright field LEEM image of a graphene flake on Ir(111).
The flake has a diameter of ≈ 6µm. Branched line defects on the flake which
develop upon cooling to room temperature form a network of dark lines,
much darker than the substrate step structure which can faintly be seen in
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Figure 4.19: Graphene flakes on Ir(111) a) 1440µm × 1080µm, some
contaminations on the surface have a graphene free corona. b) 213µm ×
160µm, flakes have a hexagonal compact shape. c) 17.9µm × 13.4µm,
some edges are ragged. d) 1360µm × 1020µm, the application of an
adhesive pad prior to imaging has left traces on the left hand side. The
border between the treated and untreated area is approximately indicated
by the dashed line.
4.5 In-situ observation of stress relaxation and wrinkle formation 113
Figure 4.20: a) LEEM image (field of view: 10µm, electron energy:
2.8 eV) of a graphene flake on Ir(111) at room temperature. b) STM topo-
graph of graphene flakes on Pt(111) (3µm×3µm). The image is differenti-
ated and appears as if illuminated from the left. The inset shows the same
image, with the graphene flakes highlighted in red. c) STM topograph
(240 nm × 240 nm) of a full layer of graphene on Ir(111) with a wrinkle.
The bright line corresponds to the profile given in e). d) STM topograph
(7 nm × 7 nm) of a wrinkle of low height in graphene on Pt(111) in atomic
resolution. The bright line corresponds to the profile given in f). e) Profile
of the topography of the wrinkle in graphene on Ir(111) shown in c). f)
Profile of the topography of the wrinkle in graphene on Pt(111) shown in
d). STM images have been processed using the WSxM software [192].
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the image as well [193]. The STM topograph in figure 4.20 b) shows graphene
islands on Pt(111). The branched line defects are also present. A typical line
defect is shown in figure 4.20 c). It crosses the image diagonally and diverges
in two at the bottom of the image. It roughly follows the direction of the two
monoatomic steps of the underlying Ir(111) substrate. The defect is about
3 nm high, and thus much higher than a substrate step as shown in figure 4.20
e). Its width is a few nanometers as well. On low line defects as shown in figure
4.20 d), profile in figure 4.20 f), it is possible to achieve atomic resolution on
the ridge. The atomic rows over the defect are continuous. The dense packed
rows cross the wrinkle roughly perpendicular. The fact that these structures
are present only on the graphene flakes and never on the uncovered part of
the surface corroborates the assumption that they are indeed wrinkles and
not nanotubes on the sample, as has been proposed previously [37,157–159].
The continuity of the atomic rows also indicates that the elongated structures
are not formed at ruptures where the islands edges roll or bend up.
The LEEM images in figure 4.21 a) show epitaxial graphene on Ir(111) fully
covering the field of view. As visible in micro diffraction (see supplement) the
darker graphene domain on the left is rotated with respect to the substrate
[156]. The left image [figure 4.21 a) I] has been taken at high temperature
(1100K), close to the growth temperature (Tgrow=1320K) of graphene. No
wrinkles are observed. During cooling wrinkles appear and spread all over the
field of view as visible in figure 4.21 a) II. Upon reannealing close to the growth
temperature, the wrinkles disappear again [figure 4.21 a) III]. Faint dark lines
due to steps are present at all temperatures. The time and temperatures the
images have been recorded at are marked with green dots in the temperature
vs. time diagram in figure 4.21 b).
The appearance of a wrinkle is an instant process within the time resolution
of our measurement of 1 s, while the decay of the wrinkles is a gradual process.
Wrinkles decay at slightly higher temperatures than they form. The red
squares in figure 4.21 b) indicate the formation and decay temperatures. This
also reflects in a hysteresis of the average lattice parameter of graphene as
measured by spot profile analysis LEED measurements [194].
Graphene has been grown at several temperatures and the onset tempera-
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Figure 4.21: a) Three bright field LEEM images (field of view: 10µm,
electron energy: 2.7 eV) of Ir(111) fully covered with two differently ori-
ented domains of epitaxial graphene. Images I and III have been taken
at 1110K while II has been imaged at 410K. b) Temperature evolution
measured at the sample with a pyrometer (black curve), and at the sample
holder with a thermocouple (grey curve). The green dots mark the points
where a) I-III were recorded. The red squares mark the onset of wrin-
kle formation upon cooling and the disappearance of the last wrinkle upon
heating. c) The difference ∆T of the onset of wrinkle formation Tw and the
graphene growth temperature Tgrow based on the pyrometer measurement
is plotted as a function of Tgrow.
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ture of wrinkle formation has been recorded. The onset of wrinkle formation
is measured as the occurrence of the first wrinkle in a field of view of 10µm.
Soon after the occurrence of the first wrinkle additional wrinkles emerge and
continue to form even until the sample is cooled down to room temperature.
The first wrinkles appear after a cooldown of 410K ± 40K regardless of the
growth temperature [see figure 4.21 c)]. Assuming an average difference of the
thermal expansion coefficients of Ir and graphene of 7.15 × 10−6 a temper-
ature difference translates to a mismatch in expansion. During a cooldown
by 410K iridium shrinks by 0.33% while a graphene layer only shrinks by
0.03% [195,196]. The remaining 0.3% have to be taken up by compression or
wrinkling of the graphene. This suggests a stress driven process for wrinkle
formation.
4.5.2 Lattice expansion
Direct evidence for abrupt strain relief during cooldown is shown in figure
4.22. Panel a) shows a micro diffraction pattern near the specular beam at
19.9 eV and resulting from an area of about 1.4µm diameter. At this en-
ergy, three of the six moire´ spots are bright. The reciprocal lattice vectors of
the moire´ ki are the difference of the corresponding reciprocal lattice vectors
of graphene and Iridium. For small relative changes, their behavior reflects
the relative length changes and angular changes in reciprocal lattice of the
graphene layer amplified by factor of ten [32]. The evolution of the relative
distances ki/k¯i of the bright moire´ spots to the specular beam is displayed by
red, green, and blue lines in figure 4.22 b) [197]. Here, k¯i denotes the time
averaged value of ki during the first 25 s, i.e. prior to the sudden decrease at
about t = 30 s. This decrease amounts to s1 = (3.6±0.4)%, s2 = (2.0±0.4)%,
and s3 = (1.2± 0.5)%, where si = 1− k¯i/k¯′i with k¯′i being the average for the
length of the reciprocal moire´ lattice vector between t = 32 s and t = 42 s.
We attribute this decrease to a transition from the flat state into the wrin-
kled state (see section 4.5.3). The wrinkled graphene is relaxed and has a
larger lattice parameter and thus shorter reciprocal lattice vectors ~ki [198].
The three ~ki shrink by different amounts. This is well understandable given
the wrinkle is a linear defect which can only relax stress in one direction.
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Figure 4.22: a) Micro diffraction pattern of graphene on Ir(111) near
the specular beam with first order moire´ spots. b) Relative length ki/k¯i
during cooldown (see text). c) Effect of strain relief in reciprocal space.
Only the component of the reciprocal lattice vectors ~ki which is parallel
(light colors) to direction of strain relief (thick black line) is influenced. d)
Intensity of the specular beam during cooldown.
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Assuming all three ~ki to be of equal length and making angles of exactly 120
◦
prior to wrinkling, we can estimate the direction of stress relaxation. Each
vector ~ki can be split into a component which is parallel to the direction of
strain relief and one which is perpendicular to this direction. Only the par-
allel component is affected by the strain relief. Let φi be the angle between
the lattice vector ~ki and the direction of strain relief, k¯i and k¯
′
i the aver-
aged lengths of the reciprocal lattice vectors before and after the transition,
k¯i,‖ = k¯i cosφi the average component parallel and k¯i,⊥ = k¯i sinφi the average
component of ~ki perpendicular to the direction of strain relaxation and prior
to the relaxation and finally c = k¯′i,‖/k¯i,‖ the reciprocal space compression
upon wrinkling. This leads to
1−
(
k¯′i
k¯i
)2
= (1− c2) cos2 φi
for all three reciprocal linearly dependent lattice vectors. With the measured
values for
k¯′i
k¯i
this equation can be numerically solved. This leads to a factor
c = 96% corresponding to a strain relief of 0.4% in the graphene layer. The
angle between the direction of compression and ~k1 is roughly φ1 = 10
◦ as
illustrated in figure 4.22 c). This implies that the wrinkling took place roughly
perpendicular to the dense packed rows of the graphene layer consistent with
what is expected from STM data as the dominant orientation of wrinkles (cf.
figure 4.20 d) or [162]) The intensity of the specular beam abruptly increases
simultaneously with the relaxation of the lattice as shown in figure 4.22 d).
4.5.3 Local stress evolution
The abrupt intensity change of the specular beem upon wrinkling allows us
to monitor the local extension of stress relaxation through LEEM imaging.
Figure 4.23 a) shows LEEM images of graphene on Ir(111). The sample is
partially covered by graphene prepared at 1110K and the sample has been
cooled down to 560K within one hour. In the course of this cooling, some
wrinkles have already formed, especially in the right hand side of the field of
view. The images I and II have been measured subsequently with a delay of
1 s. They capture a single event of wrinkle formation on the graphene patch
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Figure 4.23: a) Two subsequent LEEM images of graphene on Ir(111)
recorded during cooling (field of view: 10µm, electron energy: 2.5 eV) and
the difference of their intensities with enhanced contrast. Between (I) and
(II) a wrinkle forms on the peninsula on the left. This is shown enlarged
and contrast enhanced in the insets. The difference image shows that the
intensity has increased locally in the course of wrinkle formation. b) The
intensity integrated over the regions marked by colored boxes in a) I over
time, with linear background subtraction. Whenever a wrinkle is created,
the brightness increases abruptly. The roman numbering indicates where
a) I and a) II have been recorded. c) LEEM I(V)-curve. Blue: unwrinkled
graphene, red: wrinkled graphene, purple: difference (×20).
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near the left border of the image. Simultaneously with wrinkle formation the
brightness increases in the affected area. This change is visualized in figure
4.23 a) III which is the difference between the images in II and I. It shows
that the formation of a wrinkle does not only act nanoscopically at the line of
delamination but it rather has an impact on a mesoscopic scale (in this case
4µm2).
The change in intensity integrated over the regions marked in figure 4.23 a) I
is shown in figure 4.23 b). This change takes place at different times, locations
and to different extents. We interpret the increase in image intensity as an
effect of the relaxation of the graphene lattice. This provides an explanation
for the observation of locally varying compression in epitaxial graphene [167].
To discuss the origin of the (0, 0)-spot intensity increase upon wrinkling
we consider figure 4.23 c). It shows I(V)-curves of the (0, 0) spot of flat and
wrinkled graphene on Ir(111) and their difference. The curves were taken from
one sequence of images recorded at intermediate temperatures where wrinkles
have just started to form and some parts of the surface are still unwrinkled.
The difference curve has two maxima. Both are correlated with maxima
in total intensity resulting from constructive interference of electron waves
reflected from graphene and the Ir surface. For a distance of 3.4 A˚ [106] we
expect maxima at 3.2 eV and 13 eV. Therefore we speculate that the intensity
changes are due to structural changes, such as a change in the spacing between
the graphene layer and the Ir substrate triggered by the relaxation of the
graphene lattice. Evidently these structural relaxations are accompanied by
changes in the graphene electronic structure which additionally may affect
the I(V)-curve.
During a wrinkling event many atoms are displaced. On Ir(111) and
Pt(111) graphene forms an incommensurate superstructure [32, 35]. That
implies a low barrier for sliding of graphene on the surface, because for every
atom which loses energy by moving out of its optimum binding configuration,
another atom gains energy. The small flakes grown by temperature pro-
grammed growth [17] barely show wrinkles. A graphene flake smaller than
the average separation of two wrinkles just expands if the compression gets
large enough to overcome the barrier for sliding. For smaller islands, this bar-
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rier may be larger, due to edge effects becoming more relevant. Accordingly
there is residual strain in such flakes [32].
Wrinkle patterns from repeated cooling and heating cycles at one sample
spot are similar. This suggests that wrinkles nucleate at preexisting fea-
tures. We find in our STM data spots of delamination which are centered at
heptagon-pentagon pairs of carbon rings (see supplement) [155]. This seems
reasonable as these defects induce additional local stress into the graphene
lattice. We thus speculate that heptagon-pentagon defects are sites of wrinkle
nucleation.
4.5.4 Model
The wrinkle formation can be described in a one-dimensional continuum
model. When the substrate and graphene cool down, the graphene has to
compensate for the thermal misfit ∆L/L resulting from the difference of the
thermal expansion coefficients. Either compression ∆Lc/L or the formation
of a wrinkle ∆Lw/L can compensate for that misfit (∆L = ∆Lc +∆Lw).
To calculate the energy of compression we use the separation between
two wrinkles L = 260 nm as estimated from experiment. With an atom
density of n = 36.2 atoms/nm2 and an elastic modulus of Y = 56 eV per
atom [199] the compression energy per nm of wrinkle length can be expressed
as Ec =
1
2
(∆Lc/L)
2L ·Y ·n. The energy necessary for wrinkle formation con-
sists of two contributions: first, there is the bending of the graphene layer.
An estimation for this contribution is available from the study of single walled
carbon nanotubes [199], giving the bending energy per atom in a nanotube
of radius r as ew = a/r
2+ b/r4 with the empirical parameters a = 0.99 eV/A˚2
and b = 12.3 eV/A˚4. Second, bonds between graphene and the substrate are
stretched or broken, where the graphene flake delaminates. Since the esti-
mated height of graphene on Ir(111) is comparable to the interlayer distance
of graphite, we use the exfoliation energy of graphite as an assessment for
the binding energy of an atom in a graphene layer on Ir(111) in this case. It
has the value of eb,0 = 0.052eV [200, 201] The strength of the van-der-Waals
binding energy between a particle and a surface decreases with the cube of
the distance, so we calculate the change in binding energy of an atom in an
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Figure 4.24: a) A map of the energy per nm of a wrinkle Etot with respect
to uncompressed flat graphene according to a one-dimensional continuum
model. The shape of the wrinkle has been modeled as four arcs of circles
(see inset). The lower horizontal axis shows the misfit of graphene and Ir
∆L
L , the upper axis shows the corresponding temperature difference ∆T .
The vertical axis represents the fraction of the misfit which is compensated
by wrinkling ∆Lw∆L instead of compression. b) The graph shows the energy
of a wrinkle per nm for a mismatch of 0.7% (thick black line) and the con-
tributions it consists of. There is a local minimum for the flat configuration
where all the energy is stored in the form of compression Ec, while in the
global energy minimum most of the energy is stored in a wrinkle as bend-
ing and reduced bonding. c) Energy barrier EB,w for wrinkle formation.
The system can gain energy by wrinkle formation (Egain) with respect to
compressed flat graphene, if the misfit is larger than 0.65%.
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elevated part of the graphene sheet with the height of z instead of z0 above
the substrate as eb = eb,0 (1− z30/z3).
With Ew and Eb as the integral of ew and eb over the atoms in a nm of
wrinkle the resulting energy cost for a nm of wrinkle compared to flat relaxed
graphene sums up to
Etot = Ec + Ew + Eb
=
1
2
(∆Lc/L)
2 · Y · L · n
+ n
∫ L−∆Lc
0
(
a
r(x)2
+
b
r(x)4
)
dx
+ n
∫ L−∆Lc
0
(
eb,0
(
1− z
3
0
z3
))
dx
and leads to a complex variation problem for the shape of the wrinkle.
Here we assume a simple shape for the wrinkle, consisting of four equal arcs
of a circle with radius r and an opening angle α as shown in the inset of figure
4.24 a). The model contains r (or α) as a free parameter which is optimized
for minimum energy Etot for each combination of ∆L/L and ∆Lw/L.
In figure 4.24 a) Etot is plotted for this model as a function of thermal
misfit ∆L/L (lower horizontal axis) and fraction of strain accommodated
in a wrinkle ∆Lw/∆L (vertical axis). Moving along the horizontal axis from
left to right corresponds to cooling of the sample. The according temperature
difference is indicated on the upper horizontal axis. In the lower part of the
diagram most of the misfit is taken up by compression while in the upper
part the misfit is compensated for by a wrinkle. For misfits below 0.3% there
is exactly one optimum configuration: The graphene layer is compressed and
there is no wrinkle. As the misfit increases (temperature decreases), a second
local minimum in energy emerges. Nevertheless, the unwrinkled compressed
state still is favorable. For ∆L/L > 0.65% of misfit, a situation rendering
about 80% of the misfit subject to wrinkle formation, is optimal.
A cut through the map at constant misfit ∆L/L = 0.7% is shown in figure
4.24 b). There is a local minimum for the flat configuration where all the en-
ergy is stored in the form of compression Ec, but the optimum configuration
is the formation of a wrinkle, which contains most of the energy in the form
of reduced bonding to the substrate (Eb) and bending of the graphene (Ew).
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Figure 4.24 c) illustrates the relationship of the two energy minima and the
barrier in between. The gray line shows the difference in energy of the un-
wrinkled state and the wrinkled state Egain. For a misfit below 0.47% there is
no minimum for the wrinkled state, above 0.47%, there is a local minimum,
but its energy is higher than that of the uncompressed flat state. Only for
compressions above 0.65%, when the gray line enters the negative region, the
system can gain energy by forming a wrinkle. Still, there is an energy barrier
to overcome, which allows the system to be trapped in the local minimum
explaining the sudden and abrupt formation of wrinkles. This is consistent
with the hysteresis for wrinkle appearance and disappearance.
Although our one-dimensional model explains all qualitative features ob-
served, the model prediction overestimates the experimentally observed crit-
ical misfit for wrinkling formation nearly by a factor of two. Certainly a full
two dimensional analysis may lead to somewhat different numbers – wrinkle
formation is likely to be eased by biaxially compressed graphene. Also the
wrinkle separation L, the binding energy Eb,0 and our simple model for the
wrinkle shape carry significant uncertainties.
As wrinkles are large scale defects, it would be desirable to suppress their
formation. One way to achieve this could be to reduce the amount of to-
tal thermal misfit by growing graphene at the lowest possible temperature
and inserting an intermediate annealing step to remove the defects prior to
cooldown. Combining temperature programmed growth and chemical vapor
deposition it appears possible to achieve high quality graphene at a growth
temperature of only 1000K [202]. Also grazing incidence keV ion erosion
removing exclusively protruding wrinkles followed by annealing could lead to
continuous graphene with less or no wrinkles. A third approach could be to
increase the energy for bending. This could be accomplished by evaporating
at high substrate temperatures a thin film with a thermal expansion coeffi-
cient similar to the substrate on top of the graphene. This cover layer would
have to be bent as well, for the graphene to form a wrinkle.
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4.6 Conclusion
We have investigated two complementary approaches for graphene on metal
preparation, namely temperature programmed growth (TPG) and chemical
vapor deposition (CVD). Both lead to graphene characterized by a moire´
superstructure with a preferential orientation favored at high growth temper-
atures, and by a well defined height, corresponding to a single layer. Growth
proceeds in the presence of the bare catalytic Ir surface which catalyzes the
decomposition of the C-containing molecules (ethene or coronene here); there-
fore the growth is self-limited to precisely one layer of graphene. Whatever
the method, the substrate step edges are reshaped by the growing graphene,
and C or vacancy diffusion is involved at the graphene edges.
The two approaches result in distinct morphologies. TPG gives graphene
nanoislands with controllable size, from a couple of nm to several 100 nm
depending on the growth temperature, with well-defined zig-zag edges and
shapes close to equilibrium. CVD allows to tune the graphene coverage up
to 100% of the sample surface, with a very high structural quality above
1120K. Graphene weakly interacts with iridium, and crosses step edges while
maintaining its structural coherency. Still substrate step edges, especially as-
cending ones, play a decisive role for graphene nucleation. There is indication
that the limiting step of graphene CVD growth is incorporation of the carbon
adspecies at the graphene edges.
Graphene nanoislands grown by TPG are promising candidates for the
investigation of the specific electronic properties of zig-zag edges, and regard-
ing quantum confinement of the Dirac-like charge carriers in graphene. CVD
provides a reproducible method for the controlled preparation of macroscopic
single layer graphene with high crystalline quality.
Furthermore we have used CVD and combined TPG and CVD to grow
millimeter sized, uniform, monatomic thick graphene films of a single ro-
tational orientation. Growth at constant temperature and ethylene partial
pressure yields sheets that are of high quality in thickness, but have large
variations in rotational orientation. Cyclic growth of the graphene film ex-
ploiting the different affinity of domain edges for O2 yields films that are of
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high quality in thickness, and are rotationally pure up to a fraction of 99 %.
The final approach, using preadsorption of ethylene on the Ir(111) surface
at room temperature, followed by epitaxial growth at elevated temperatures
yields “perfect” single domain sheets that are rotationaly pure and ready for
application.
CVD growth of graphene is also feasible under high vacuum conditions.
The resulting flakes were investigated with SEM and show hexagonal shapes
indicating single crystal flakes.
We also demonstrated how LEEM can be used to monitor strain relaxation
in situ. It was possible to develop a consistent picture of wrinkle formation on
graphene linking wrinkle formation with inhomogeneous residual strain. The
development of wrinkles appears to be a serious problem for all methods of
growth of weakly bound epitaxial graphene, as all require high temperatures.
We hope the improved understanding of wrinkle formation achieved here will
contribute to a future solution of this problem.
5 Structure of Graphene on
Ir(111)
Moire´s and moire´-like superstructures are a widespread phenomenon in epi-
taxial growth [203, 204]. It is not always clear, whether the meshes are
to be considered incommensurate or commensurate [205], whether a mis-
match in lattice parameter is accommodated by strain relief [206, 207] or
whether strain only plays a negligible role. Such superstructures have rele-
vancy for nanopatterning, as in some cases they enable templated growth of
clusters [42,208,209].
Along the view of designing graphene-based nanoelectronic devices, the
achievement of large scale graphene in a reproducible way with controlled
structural quality and on the desired support is of major importance and
remains a major stake. It is also of prior fundamental significance to fur-
ther address the exceptional relativistic quantum electronic properties of
such graphene layers, independent from the contribution of structural de-
fects. Such defects are point defects that influence the transport properties
through quantum interferences [210, 211] or defects induced by the underly-
ing substrate, like surface irregularities [211] or step edges. Noteworthy, point
defects may play a constructive role in tuning graphene’s physical properties,
as they should promote magnetism [212] or even the unconventional quantum
Hall effect [59,60]. If desired, such defects could be introduced in a controlled
manner into high structural quality graphene using, for example, electron
irradiation [190].
The aim of chapter 5.1 is to clarify the structure of graphene on Ir(111)
on an atomistic level. We describe the moire´ superstructure and present
a model for the superstructure unit cell. Three different regions are found
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in this cell which are also visible in scanning tunneling microscopy (STM)
topography data. We show the chemical inhomogeneity of the moire´ cell
by post-decoration experiments. In section 5.1 STM imaging issues will be
addressed.
In the second part of this chapter, section 5.2, we focus on graphene mono-
layers grown by low-pressure CVD of ethylene on the hot Ir(111) surface.
The aim of section 5.2 is to describe and understand graphene’s structural
coherency occurring over micrometer distances. We first address the conti-
nuity of the C rows on terraces and relate the presence of moire´ domains to
small-angle in-plane one-dimensional tilt boundaries. Next, we analyze the
coherency between terraces and its correlation to graphene bending over step
edges. For these purposes, we again take benefit of the moire´ superstructure
of graphene on Ir(111) as a magnifying lens unraveling sub-A˚ngstro¨m atomic
displacements and sub-degree misorientations. Real space imaging down to
the atomic scale provides direct and complementary evidence of the C row
continuity and of the structure of atomic defects.
5.1 Structure
5.1.1 Graphene preparation
For the data presented in the first part of this chapter we mainly used the
preadsorption method of graphene preparation.
Ethylene is known to have a sticking coefficient near unity on the Ir(111)
surface. At room temperature it partly dissociates there and decomposes
entirely upon annealing. This behaviour has been studied by thermal des-
orption spectroscopy, electron spectroscopy methods and alkali ion flash-
ing [49,151,213,214]. Annealing the substrate covered to saturation in UHV
leads to complete decomposition of the hydrocarbon. Decomposition is com-
pleted at 820K [151].
We have exposed the Ir(111) surface to the ethylene doser for 30 s at a
chamber pressure of 2 × 10−7mbar to ensure saturation coverage. After an-
nealing to 1470K for 40 s STM imaging displays graphene flakes covering
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Figure 5.1: (a) Graphene on Ir(111). The moire´ with its 25.3 A˚ pe-
riodicity is well visible (1300 A˚×1300 A˚, UT = 1.5V, IT = 0.5 nA) (b)
Attached to an iridium step edge (left) lies a graphene flake (100 A˚×100 A˚,
UT = −0.17V, IT = 21nA). The superstructure unit cell is marked as
a white rhombus. (c) LEED-pattern of the partially graphene covered
Ir(111) surface (inverted, 80.4 eV). The spots consist of two main spots
(inner spot due to iridium (111), outer spot due to graphene) which are
surrounded by smaller satellite spots reflecting the periodicity of the moire´.
Inset: The center spot (46.7 eV) is also surrounded by moire´-induced spots.
(d) Graphene on Ir(111). An atomic carbon row is highlighted by white
dots. The row is in parallel with the superstructure.(154 A˚ × 54 A˚)
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about 22% of the substrate surface with a typical lateral dimension of the
order of 1000 A˚. The simultaneous presence of Ir and graphene on the surface
is of great help for the structure determination (see below).
A second, from an application oriented point of view more viable route to
graphene is chemical vapour deposition (CVD) via the exposure of the hot
iridium surface to ethylene. For experiments using the CVD growth method
and presented here, the chamber pressure was set to 2× 10−9mbar with the
hot sample exposed to the gas inlet for 20 seconds at 1320K. STM topographs
of a sample prepared with the CVD method are shown in figure 5.8(a) and
5.8(b).
5.1.2 LEED and STM results
Graphene on Ir(111) was examined by LEED and STM. Figure 5.1(a) shows a
differentiated STM topograph of the sample prepared with the preadsorption
method. Graphene flakes together with uncovered areas are visible on the
Ir(111) surface. A superstructure is well visible on the flakes. The atomically
resolved STM topograph in figure 5.1(b) shows an iridium terrace on the left
to which a graphene flake is attached from the right. It is a detailed view
of a situation present in many places in figure 5.1(a), where graphene flakes
are attached to iridium steps. In figure 5.1(b) the superstructure unit cell is
marked with a white rhombus on the atomically resolved graphene flake.
The STM approach allows to measure the superstructure and carbon lattice
periodicity in direct comparison with the atomic nearest neighbour distance
of 2.715 A˚ [99] in the Ir(111) surface. The carbon lattice has a periodicity of
(2.45± 0.04) A˚ as measured with STM. Within the limits of error this agrees
to the periodicity of a single carbon layer in graphite (2.4612 A˚) [99]. The
superstructure unit cell repeat vector has a length of (25.2± 0.4) A˚.
A symmetric LEED pattern of this surface can be observed (figure 5.1(c) )
[151]. It consists of six pairs of spots. The inner spot of each pair originates
from the Ir(111) surface, the outer spot is due to the carbon overlayer which
has a smaller lattice repeat vector than the iridium surface.
Each pair of iridium and carbon spots is surrounded by a group of satellite
spots, signifying a superstructure with a large periodicity. For the inset of
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figure 5.1(c), the sample has been tilted by a few degrees making the central
spot of the LEED image visible on the screen. Also this central spot is
surrounded by six satellite spots in line with the underlying iridium substrate
and the carbon spots. The fact, that only first order satellite spots occur and
that they do not fill out the complete surface brillouin zone indicates that the
superstructure is incommensurate.
The lattice constant of the carbon overlayer is also determined by LEED
with the Ir(111) surface as a reference. The resulting repeat vector of the
graphene layer amounts to (2.47 ± 0.02) A˚ again in agreement with the lit-
erature value for a single carbon layer in graphite. The LEED measurement
delivers a value of (25.8± 2.0) A˚ for the periodicity of the superstructure. As
shown in the inset of figure 5.1(c) the superstructure spots are quite close
to the specular beam, so that the error of the reciprocal space measurement
becomes fairly large.
STM and LEED also show, that the dense packed [11¯0] direction of the
iridium substrate and the [112¯0] direction of the graphene layer are parallel.
5.1.3 The moire´ of graphene on Ir(111)
The graphene superstructure can be viewed as a moire´. This regular pattern,
resulting from the superposition of two regular lattices — just as the beat,
which emerges from the superposition of two sound waves — has a reciprocal
lattice vector, which is the difference of the constituting reciprocal lattice
vectors.
Figure 5.2 shows this for a one dimensional example. The patterns on the
left have reciprocal lattice vectors ~k1 and ~k2, corresponding to the vectors
drawn on the right. The moire´ effect produces a pattern of diagonal dark
stripes with a periodicity much larger then the two original lattices. Its
reciprocal lattice vector ~kmoire´ is also indicated on the right. It is expressed
as the difference of the lattice vectors ~k1 and ~k2:
~kmoire´ = ~k2 − ~k1 (5.1)
Frequently we observe the [112¯0] direction of the graphene overlayer and the
moire´ superstructure maxima to be perfectly aligned. An example is shown
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Figure 5.2: A moire´ is a superposition of two lattices generating a third
one. On the left, there are two misaligned stripe patterns with slightly dif-
ferent stripe separations. The moire´ appears as a striped diagonal pattern
with much larger periodicity. One may assign reciprocal lattice vectors to
these patterns being normal to the stripes. The reciprocal lattice vector of
the moire´ is then given by the difference of the reciprocal lattice vectors
of the two constituting vectors. This is visualized on the right side, where
the corresponding lattice vectors are shown. The direction of the difference
vector is aligned with the moire´.
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in figure 5.1 (d) where the the [112¯0] direction is visible by the white dots
marking the centers of carbon hexagons. The parallelism implies immediately
that (5.1) simplifies to a scalar equation
kmoire´ = kC − kIr (5.2)
with kC, kIr being the norms of the reciprocal lattice vectors of graphene and
iridium. Expressing the distance of the moire´ maxima dmoire´ in units of the
graphene periodicity dC yields
2π
dmoire´
=
2π
r · dC =
2π
dC
− 2π
dIr
. (5.3)
The non integer number r = 10.32 ± 0.17 of graphene cells between two
moire´ cells can be determined by counting over a number of moire´ sites. With
r and the known value for the Ir repeat distance dIr the carbon repeat distance
dC is obtained. Averaging over several situations as shown in figure 5.1 (d)
yields (2.452 ± 0.004) A˚. The error margin is an order of magnitude smaller
than the one obtained by directly comparing the graphene and Ir spacings
[compare table 5.1]. This accuracy is achieved by using the moire´ as a magni-
fying lens for lattice mismatches as evident from equation (5.3). Based on the
moire´ analysis method the graphene layer appears to be slightly compressed
by almost 0.4% compared to a carbon layer in bulk graphite, which has a
repeat vector length of 2.4612 A˚. The buckling of graphene on Ir(111) with
an amplitude of about 0.3 A˚ [42] yields an apparent reduction of the lattice
parameter too small by about an order of magnitude compared to our obser-
vation. One possible origin for the reduction could result from the different
thermal expansion coefficients of Ir and graphene. Normal to the c-axis bulk
graphite has a thermal expansion coefficient which is negligible compared to
the one of Ir [215]. During cooling from the high formation temperature
graphene might lock to the substrate being fixed by graphene edge states
and Ir step edges. It then might become slightly compressed during shrink-
age of the substrate lattice. The observed compression of graphene would
be consistent with a temperature of ≈ 750K where it locks to the substrate.
Consistent with the assumption of forces acting on the graphene flakes is the
observation that occasionally graphene flakes are slightly sheared.
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direct STM LEED moire´ analysis
graphene repeat distance dc (2.45± 0.04) A˚ (2.47± 0.02) A˚ (2.452± 0.004) A˚
moire´ repeat distance dmoire´ (25.2± 0.4) A˚ (25.8± 2) A˚ (25.3± 0.4) A˚
Table 5.1: The crystallographic parameters according to the three meth-
ods described in the text.
The superstructure periodicity is (25.3 ± 0.4) A˚ and thus forms a (9.32 ×
9.32) superstructure. The superstructure unit cell accommodates 87± 3 irid-
ium substrate atoms. A summary of the results given by the different methods
is given in table 5.1.3.
The superstructures on different graphene flakes in figure 5.1(a) are slightly
misaligned with respect to each other. Following the atomic carbon rows in
figure 5.1(b) confirms, that in contrast to the situation described for mea-
suring the lattice parameter of the graphene (figure 5.1(d) ), the orientation
of the superstructure deviates slightly from the atomic rows. According to
equation (5.1) this can only be due to a misalignment between the iridium
substrate’s and the graphene’s dense packed rows. A direct STM measure-
ment of this misalignment gives values below 0.5◦ which are in the range of
the error. As for the lattice constant of graphene, we can take advantage
of the moire´’s magnification effect. The rotation angle is magnified by the
superstructrure. Let φC,Ir be the angle between the two original lattices and
φC,moire´ the angle between graphene lattice and the moire´. It can be derived
from equation 5.1 that
sin(φC,Ir) =
(
cos(φC,Ir)− kC
kIr
)
tan(φC,moire´) (5.4)
for small angles φC,Ir and φC,moire´, the equation simplifies to
φC,Ir =
kIr − kC
kIr
· φC,moire´ (5.5)
with a constant factor of
(
kIr−kC
kIr
)−1
≈ 10.6 for the angular magnification.
With the knowledge of the lattice parameters and the angle between the
moire´ and the atomic rows of one lattice, the tilt of the two lattices with
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respect to each other can be determined. The moire´ amplifies angular mis-
orientations of the graphene layer with respect to the substrate into its own
misorientation with respect to the substrate.
We examined the angular scatter of the moire´ on the flakes from a number
of experiments prepared with the preadsorption method. In some the flakes
were decorated with Iridium clusters, as described below. A histogram is
displayed in figure 5.3. The scatter of the moire´ translates into a measure for
the angular imperfections of the carbon rows with respect to the substrate.
Formula 5.5 reveals the measured moire´ scatter of ±2.6 ◦ to originate from
an angular spread of ±0.25 ◦ on the atomic level. Note, that this spread is
not an uncertainty, but a measure for the epitaxial perfection of the graphene
flakes on the iridium substrate. The uncertainty for each measurement of the
angle between the dense packed [11¯0] direction of the iridium substrate and
the [112¯0] direction of the graphene layer is about 0.04◦.
The LEED image and the non integer value of atomic iridium and graphene
sites per moire´ cell show that graphene on Ir(111) is an incommensurate sys-
tem. Nevertheless, the crystallographic [11¯0] directions of the Ir substrate are
well aligned with [112¯0] directions of the deposited graphene and so epitaxial
relations are fulfilled. Graphene on Ir(111) is thus an example of incommen-
surate epitaxy.
5.1.4 Moire´ unit cell
After discussing the lattice of the moire´, we will now address the anatomy of
the single moire´ cell which is the base of the surface structure. For simplicity,
we will only discuss the case of perfect alignment. All following considerations
also hold for slightly rotated meshes, as they are present in the experiments.
Both constituting lattices are known. First there is the unreconstructed (111)-
oriented iridium fcc crystal substrate. On this surface, the sites with the
highest symmetry are the atop sites, directly above the iridium atoms and the
two kinds of threefold coordinated adsorption sites, one of which corresponds
to regular fcc stacking and the other to faulted hcp stacking. Note that
hcp and fcc sites are very similar. Both are local energy minima for iridium
adatom adsorption and their differences arise only from discrepancies in the
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Figure 5.3: Distributions of the moire´ orientations around the average
for graphene flakes prepared by the postdeposition method at 1470K. The
standard deviation of the distribution is 2.6◦ corresponding to a standard
deviation of the angular scatter of the dense packed carbon rows of only
0.25◦(see text).
second layer of the iridium surface.
The counterpart of the iridium lattice in the moire´ is the graphene struc-
ture, which consists of the well known hexagonal honeycomb. A model can
easily be generated by geometric superposition of one onto the other. Such a
model is shown in figure 5.4.
An inspection of this model shows three prominent regions, marked by
white circles. The regions differ by the arrangement of the carbon atoms with
respect to the underlying iridium surface sites. The labelling corresponds to
the type of iridium surface site, which is located below the center of the carbon
rings in this region. The fcc region (hcp region) centers an iridium fcc site
(hcp site) in the honeycomb while every second carbon atom is positioned in
the other three-fold coordinated site, namely the hcp site (fcc site) and every
second atom is on top of an iridium substrate atom. In contrast in the atop
region, the iridium substrate atom lies right in the center of the ring, while
the six carbon atoms occupy all threefold coordinated sites.
The geometrical model shows that the fcc and hcp regions have similar
atomic configurations — one carbon atom above an iridium atop site, and
the other above an hcp or an fcc site respectively — while the atop region
differs from those, because no carbon atom is poised overhead an iridium
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fccregion hcp region atop region
Figure 5.4: The superstructure unitcell is constructed by superposition
of the graphene lattice (yellow balls) onto the iridium (111) surface (gray
balls). The darker shades of gray represent the second and third layer of
the iridium substrate. In the atop regions (white arcs in the corners of the
cell), an iridium atom of the topmost layer is centered in the graphene’s
honeycomb. The carbon atoms cover the threefold coordinated hollow
sites. In the fcc region (dashed circle) and the hcp region (dotted circle)
there are threefold coordinated hollow sites centered under the carbon
ring’s center: either an fcc site (fcc region) and an hcp site (hcp region).
Every second atom is located at the other hollow site and every second
above an iridium surface atom.
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surface atom and all carbon atoms are located at the threefold coordinated
hollow sites. To examine the properties of the different regions, is necessary
to link them to their appearance in the STM topographs.
Figure 5.5 shows a zoom in of the topograph from figure 5.1(b). The iridium
terrace is partly shown on the left, the carbon flake is attached to it from the
right. A mesh has been adjusted to match the positions of the iridium atoms
on the terrace with the intersections of the lines. (We assume the bright spots
on the iridium terrace to correspond to the iridium atoms and the dark spots
on the graphene layer to correspond to the center of the carbon rings, where
the electron denstiy is lowest [216] ) Prior to the zoom-in, the mesh given by
the iridium surface atoms of the terrace has been extended to also span over
the carbon covered part.
The sketch on the right helps interpreting the lines. It depicts a small part
of the iridium substrate, which is oriented in the same way as the sample is.
There is an upper terrace on the left, corresponding to the uncovered iridium
in figure 5.1(b) and figure 5.5. The lower terrace on the right corresponds
to the carbon covered part of the substrate. The carbon is not shown in the
sketch, so that the arrangement of iridium substrate atoms can be seen.
Since the crystal is fcc stacked, an intersection of the lines above the lower
terrace marks an fcc adsorption site. The lower terrace’s hcp sites are cen-
tered in triangles pointing to the left, while atop sites are found on in right-
wards pointing triangles of the mesh. This way a glimpse under the adsorbed
graphene layer is possible.
Although STM distortions introduce some uncertainty, the regions, where
the carbon ring centers are in a rightwards pointing triangle of iridium sub-
strate atoms (red triangle), can be found in or close to the dark regions of the
moire´. This is the atop type configuration as marked by solid white circles in
the corners of the unit cell shown in figure 5.4. Accordingly, fcc (green dots)
and hcp (blue triangle) regions are located in the corresponding positions of
the moire´ as expected from figure 5.4 (dashed and dotted circles). This way
it is possible to relate the local stacking to STM topography data, which is
the basis of attributing specific properties to an atomic configuration. The
dark spots of the moire´ in figure 5.5 can thus be identified as the atop re-
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Figure 5.5: STM topograph (zoom of figure 5.1(b) ) showing an iridium
terrace on the left with an attached graphene flake, both atomically re-
solved (image width 100 A˚). An Ir-grid was extrapolated over the whole of
the image derived from the maxima of the Fourier transform of the area
inside the white box to the left. The intersections of the mesh correspond
to atom position on the step as shown in the sketch. In the same way,
from the Fourier transform of the area inside the box to the right, a C-
grid was determined. The positions of the dark spots derived in this way
are marked by the colored symbols. Finally, each Ir unit cell was divided
in three regions of equal size (fcc, hcc, and on-top) and the points of the
C-grid were thus assigned to the different stacking types (fcc: green circle,
hcp: blue triangle, on-top: red triangle). It is obvious that for the part of
the graphene closest to the atomically resolved Ir (i.e. where the extrap-
olation is most reliable), the prominent moire´ sites correspond to on-top
regions.
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Figure 5.6: (a) STM topograph (1000 A˚×1000 A˚, UT = 0.6V, IT =
0.3 nA) of postdecorated graphene on Ir(111). The flake in the middle is
attached to a step edge. The step edge is deformed, where it nestles to
the graphene. Evaporated iridium (0.10ML) nucleates islands on the bare
substrate while there is a formation of regularly ordered clusters on the
moire´ of the flake. (b) Deposition of small amounts (0.01ML) leads to
the nucleation of few clusters only. The moire´ is atomically resolved and
the clusters appear as large bright spots. According to the determination
in figure 5.5 the adsorption sites of the clusters are identified as the hcp
regions. (90 A˚×90 A˚, UT = 0.20V, IT = 9.7 nA)
gions, where all carbon atoms occupy the threefold coordinated sites and the
atop site is centered in the carbon ring. The hcp and the fcc regions are in
downwards and upwards pointing triangles of atop regions. This assignment
will be backed up by the results concerning the chemical inhomogeneity of
the moire´.
5.1.5 Chemical inhomogenity
Along with the change in appearance goes a change in chemical properties.
The inhomogeneity in binding can be probed by postdecoration with iridium
as described in the experimental section. Figure 5.6(a) shows an STM topo-
graph of a graphene flake on the Ir(111) surface. The flake is attached to a
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step edge. This surface has been decorated with 0.10ML of iridium [42]. On
the uncovered part of the substrate well known island growth takes place [217].
On the graphene covered part of the substrate, iridium clusters nucleate in
the pattern precoined by the moire´. So the binding energy for iridium is
obviously lower in some regions than in others.
To assess which region of the moire´ is involved in cluster binding, we have
deposited a small amount (0.01ML) of iridium on the moire´ leading to only
a fraction of moire´ cells to be populated with clusters. Figure 5.6(b) shows
an STM topograph with atomically resolved moire´ and some clusters. The
clusters are not adsorbed on the dark atop regions, but in downward pointing
triangles of those regions. A comparison with figures 5.4 and 5.5 shows, that
these are hcp regions. Experiments with higher coverages [42] confirm, that
clusters exclusively bind on hcp-regions if grown at 350K.
At lower growth temperatures, however, cluster binding also takes place
at fcc-regions, as demonstrated in figure 5.7. In this experiment 0.04ML
have been deposited at a temperature of 160K instead of 350K. In the right
part, the hcp sites have been blanked out with black circles to facilitate the
recognition of the periodicity. This blanks out the majority of the clusters.
The remaining clusters are adsorbed in downward pointing triangles of hcp
regions. The white rhombus in figure 5.7 illustrates, that these clusters are
adsorbed in the fcc regions as defined in the unit cell of figure 5.4. This second
energy minimum at the fcc regions is no surprise at all, because as discussed
above, hcp and fcc regions realize very similar local atomic configurations.
Based on Local Density Approximation calculations, cluster binding can
be attributed to a local sp2 to sp3 rehybridization of the graphene layer [106].
5.1.6 Contrast inversion
Tunneling parameters and tip states play major a role in imaging the moire´.
Figure 5.8(a) and 5.8(b) show two STM topographs of the same sample posi-
tion. They were recorded subsequently under stable conditions without any
tip switch. Figure 5.8(a) was imaged with a low tunneling voltage (0.32V)
while a high voltage (1.5V) was chosen for figure 5.8(b). The insets (recorded
at different positions) show the moire´ with atomic resolution. The moire´ is
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Figure 5.7: At 160K the clusters nucleate at hcp and fcc regions. Differ-
enciated topograph (420 A˚×420 A˚, UT = 1.6V, IT = 0.4 nA) of graphene
on Ir(111) which has been postdecorated with 0.04ML of iridium at 160K.
Although the moire´ defines the registry, the order is less pronounced than
for deposition at higher temperature as in figure 5.6. Blanking out the
regular cluster positions with black circles (right part) reveals, that most
of the clusters are within that lattice, while some are located in down-
ward pointing triangles of those regular cluster nucleation sites. The white
rhombus corresponds to the unit-cell of figure 5.4. A comparison shows
that these are fcc regions.
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Figure 5.8: Parts (a) and (b) show STM topographs of the moire´
(1000 A˚×1000 A˚, [insets:57 A˚×57 A˚] (a) UT = 0.32V, IT = 32nA [in-
set: UT = 0.2V, IT = 10.9 nA], (b) UT = 1.5V, IT = 32nA [inset:
UT = 0.3V, IT = 23.2 nA] ). A contrast inversion occurs, depending on
the tunneling parameters. On the left, the atop regions appear as dark
features in a bright millieu, on the right, they appear bright in a dark
millieu. The contrast is inverted, not shifted laterally. The insets show
the contrast inversion on the atomic level. The red and the blue line in-
dicate the positions of the height profiles shown below. The profiles are
normalized to a corrugation of ±1, disregarding the local modulation due
to the atomic structure of the carbon lattice. The apparent height of the
fcc region is between the one of the hcp and the atop region and it is closer
to the height of the hcp than to height of the atop region for both profiles.
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imaged in two different ways: in part (a) of the figure, the atop regions ap-
pear as dark depressions in a bright surrounding (dark–atop contrast), just
as shown throughout the preceding paragraphs. In part (b), the moire´ con-
trast has inverted. Now the atop regions are imaged as bright protrusions
in a dark surrounding (bright–atop contrast). One can easily confirm that
the contrast has inverted and that not just an other region of the moire´ is
emphasized by the changed tunneling conditions: the position of the bright-
ness extrema with respect to the kinks in the preexisting step edge does not
shift. The observation of the voltage dependent contrast inversion requires a
sharp tip and stable conditions. Low tunneling voltages (< 0.5V) favor the
bright–atop contrast, higher voltages favour the dark–atop contrast. Such a
contrast inversion is reversible without any sign of a tip change.
In figure 5.8(c), there are two profiles from the inset of figure 5.8(a) (red)
and 5.8(b) (blue). These profiles represent the corrugation across the moire´
cell. The position of the individual carbon atoms is modulated on the moire´
induced long range brightness oscillation which has been scaled to ±1A.U.
In both cases, the atop region and the hcp region mark the extrema and the
fcc region’s brightness is closer to the one of hcp regions than to the one of
atop regions. This is in accordance with the fact, that hcp and fcc regions
are based on similar local configurations.
The contrast can not only be inverted by varying the tunneling parameters,
but it is also affected by tip switches. Figure 5.9 shows an STM topograph
which was measured with an unstable tip. The upper part is imaged in
dark–atop contrast and the lower part — after a tip switch — is imaged with
bright–atop contrast. We expect this switch to happen due to a contamination
of the tip with a foreign molecule or atom like CO, ethylene, or carbon,
which changes its density of states. So, other states of the graphene layer are
predominantly probed, as the overlapping states of the tip and the sample,
determine the tunneling current. In contrast to our previous publication [42],
where only bright-atop contrast images were used, in this chapter we show
both kinds of topographs.
These rich electronic features demand further investigation with scanning
tunneling spectroscopy, which is currently undertaken.
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Figure 5.9: The moire´ is imaged with tunneling voltage and current
set constant. A tip change during image acquisition induces a contrast
inversion. The thin lines illustrate the continuity of the rows of moire´
extrema across the contrast reversal. (550 A˚×550 A˚, UT = 1.5V, IT =
0.5 nA)
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5.2 Structural Coherency
5.2.1 Coherency across small angle domain boundaries
Figure 5.10 is an STM topograph of a region of a graphene sheet grown at
1120K (1L of ethylene), where two step edges are visible. The observed in-
plane periodicity of about 2.5 nm is that of the moire´ superstructure with
each dark spot corresponding to an ”on-top” like region where C rings tend
to have their center above an Ir atom [32,42]. Two rows of defects are visible
in fig, 5.10 (a). They lie at the border of three moire´ domains, defined by
the orientation of their moire´. These observations are summarized in fig 5.10
(b), where one additionally notices that the orientation of the moire´ remains
the same across a step edge. From the angle ∆Θm of misorientation between
hexagonal patterns of two moire´ domains (fig 5.10 (b) ), we derive the angle
∆Θat of the corresponding misorientation of the atomic C rows in the do-
mains. Let ~kC,1, ~kC,2 and ~kIr be the reciprocal space vectors corresponding to
the 1/
√
6[1120]C,1, 1/
√
6[1120]C,2 unit vectors of the C lattices in domains (1,
2) [218] and to the 1/2[101]Ir unit vector of the Ir lattice lying in the (111)
surface. kIr = 1/aIr = (1/0.2715) nm
−1 and kC,1 = kC,2 = kC = 1/aC =
(1/0.2452) nm−1 for graphene on Ir(111) [32]. One obtains the corresponding
reciprocal space vector associated with the moire´ patterns in domains (1, 2)
by ~km,i = ~kC,i − ~kIr with i=1,2. Since ~km,2 − ~km,1 = ~kC,2 − ~kC,1 one may eas-
ily show that sin(∆Θat/2) =
√
k2m,1 + k
2
m,2 − 2km,1 + km,2 cos(∆Θm)/(2kC),
which yields ∆Θat = (2.31± 0.15)◦)[(0.48± 0.07)◦] between the lower [upper]
domains in fig 5.10, while the moire´ periodicity varies by roughly 4% from the
bottom to the top domain in the image.
Understanding the accommodation of such small-angle misorientations was
achieved by atomic scale characterization of the defects occurring at the
boundaries. Figure 5.11 (a) is an STM topograph at atomic scale of one
of these defects (similar to those observed in fig. 5.10 (a)). Dark spots cor-
respond to the centers of the C rings [32, 42]. Figure 5.11 (b) shows a larger
view of the defect, together with the orientation of the two moires around
it. In fig 5.11 (c), the centers of C rings were located by triangulation. The
network of lines connecting C ring centers unambiguously shows two extra
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Figure 5.10: (a) 108 nm × 108 nm STM topograph (-0.05V, 30 nA) of a
graphene monolayer grown on Ir(111) at 1120K, exhibiting two step edges
and three moire´ domains with different orientations of their moire´. (b)
Corresponding map of domains and orientations.
lines that start at the location of the bright protrusion. The two extra lines
correspond to two extra C rows, that is, a single edge dislocation in a hexag-
onal lattice. This is sketched in Figure 5.11 (d), where the line network is
related to the atomic arrangement. One observes two extra C zigzag rows
along 〈112¯0〉C crystallographic directions of the C lattice (graphene) corre-
sponding to a Burger’s vector ~b = 1/
√
6 〈112¯0〉C. The protrusion-like feature
observed in fig 5.10, panels (a) and (b), in the vicinity of the dislocation could
well be caused by electron scattering from the structural defect [210, 211] or
by a moire´-like contrast originating from the atomic displacements induced
at the dislocation core.
Edge dislocations are well known to efficiently accommodate small-angle
misorientations between crystallites [219]. To check whether this is actually
the driving force for creation of edge dislocations in graphene on Ir(111),
we evaluated the misorientation between C rows in the two neighboring do-
mains of fig. 5.11. As explained above, this can be accurately determined
taking benefit of the moire´ effect. We find ∆Θat = (2.07 ± 0.12)◦, that is, a
small-angle misorientation. The projection ~r of the vector joining two dislo-
cations onto the tilt boundary, which direction is the bisecting line between
the vectors defining the orientation of the misoriented moires, is related to
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Figure 5.11: ((a) Atomic resolution 5.5 nm × 5.5 nm STM topograph
(Fourier filtered, 0.1V, 9 nA) of a graphene layer grown on Ir(111) at
1120K. ((b) Demagnified view (14 nm × 12.4 nm) showing two defects
at the boundary between two moire´ domains (A, B); the area within the
black frame is panel a demagnified. ((c) Line network connecting the
centers of the C rings in panel a. In regions where the contrast is lost,
the atomic arrangement was extrapolated (dashed lines). Thick solid lines
indicate the presence of extra lines. ((d) Scheme of the correspondence
between the network in panel c and the C atoms in the vicinity of the
wedge, lying at the tilt boundary between domain A and B shown in panel
b. A and B are misoriented by a rotation along the ~l normal to the surface.
Two extra atomic rows corresponding to an edge dislocation with Burger’s
vector~b(b = aC = 0.2452 nm) are outlined (black circles). Note the relative
orientation of the wedge and of the C pentagon and heptagon.
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the dislocations Burger’s vector ~b(b = aC = 0.2452 nm in the case of fig. 5.11)
and to ∆Θat by Frank’s formula [219]: ~b × ~r · 2 sin(∆Θat/2), where B is the
normal to the tilted domains, that is, the normal to graphene’s surface (see
fig 5.11 d). This leads to r = (6.8 ± 0.4) nm, which is in good agreement
with the projection of the distance between the edge dislocations visible in
fig 5.11 b as bright protrusions, onto the tilt boundary [(6.2±1.3) nm]. As an
additional illustration, the misorientations observed in fig. 5.10 should yield
r = (6.1±0.4) nm and r = (29.3±4.3) nm for the two defect lines, which is in
reasonable agreement with the actual projection of the separation of bright
protrusions visible on the STM image, onto the tilt boundary [(8.3± 1.5) nm
and (26.7± 5.0) nm, respectively].
Figure 5.11 c reveals in a quite direct way the atomic structure of the edge
dislocation, which is a zero-dimensional defect in the two-dimensional (2D)
crystal of graphene. The edge dislocation actually consists of one C pentagon
of which the center is the end of the wedge shown in fig. 5.11, panels c and
d, together with one C heptagon adjacent to the pentagon and located along
the bisecting line between the two directions composing the wedge. Several
atomic scale STM images (not shown) with moire´ domain boundaries were
analyzed using the procedure described above. We always find at the position
of the bright protrusions an edge dislocation and a heptagon-pentagon pair.
Edge dislocations in 2D crystals were evidenced years ago in dense-packed
planar lattices of soap bubbles [220]. They were more recently identified in
noble gas layers on graphite and related to the discommensuration of the noble
gas domains, using STM [221]. In C materials, heptagon-pentagon pairs were
first considered in C60 molecules as potential elements of the molecule [222]
and later ruled out. They were also speculated to exist in graphite at the
boundary between misoriented domains but could not be resolved in the STM
images [223]. The occurrence of such pairs was even proposed in irradiated
graphene and carbon nanotubes by extrapolating high-resolution transmission
electron microscopy (HR-TEM) images by simulations. Because of lack of
spatial resolution, HR-TEM itself could not provide the details of the atomic
arrangement [190]. Our atomic scale results complement these former studies
with a direct evidence for heptagon-pentagon pairs in graphene.
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5.2.2 Coherency across step edges
Considering the spatial extension of graphene raises the question whether
there is structural coherency, that is, continuation of C rows, across Ir step
edges or not. We observe moire´ domains extending across Ir(111) step edges
at 1120K (see fig. 5.10 a) and 1220K. Increasing the growth temperature
to 1320K results in moire´ domains of micrometer size extending over nu-
merous step edges. For such large moire´ domains as shown in fig. 5.12 (a),
the 〈112¯0〉C direction of C rows in graphene is accurately parallel to the
Ir surface dense-packed 〈101¯〉Ir direction, and no edge dislocation is found
throughout micrometer distances. Figure 5.12 (b) is an STM topograph of
graphene grown at 1120K where all C rows are observed to be continuous
across a step, that is, graphene lies like a blanket over the step edge, which
is a typical situation. Occasionally, situations arise where most of the C rows
are continuous over step edges, but a small fraction of C rows that stop at
step edges (2D edge dislocations) to accommodate the complex bending of
graphene (not shown) were observed. The picture of structural coherency of
graphene over step edges is also supported by sets of STM snapshots of the
Ir(111) surface exposed to increasing amounts of ethylene at 1120K. It was
accordingly found that graphene growth starts from islands nucleated at step
edges and proceeds to both sides of the step edge (see also sec.4.2).
The structural coherency of graphene across steps as evidenced above by
atomically resolved images should also be reflected in the alignment of the
moire´ patterns on the neighboring terraces. It should be noted that the
moire´ structure shows very high sensitivity toward faint atomic displacements.
For example, a shift of graphene parallel to the Ir [101¯]Ir direction by one
nearest neighbor distance (aC = 0.2715 nm) causes a parallel shift of the
moire´ lattice by a full moire´ period (≈ 2.5 nm). As shown in figs. 5.10 (a)
and 5.12 (b), we typically observe the same orientation and periodicity of
moire´ patterns on the upper and lower side of the step, which is a necessary
cconsequence of structural coherency across steps. For the description of
the relative alignment, we will focus in the following for simplicity on the
dense-packed Ir steps edges along 〈101¯〉Ir of either 111 (B-steps) or {100}
(A-steps) microfacets. We find that lines joining brightness minima of the
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moire´ structure (on-top type areas) in the [11¯00]C direction (see fig. 5.13(a) )
exhibit no sideward shift when crossing an Ir step within an uncertainty of
10% of the moire´ periodicity perpendicular to the step (≈4.3 nm). To account
for this observation, we developed an elementary model of graphene bending
at the step edge, as shown in fig. 5.13 (a), where one observes that the moire´
brightness maxima (imaged as minima on the STM images) on both terraces
are located along the same line parallel to 〈11¯00〉C [223]. Noteworthy, this
behavior was also present, though not described, for graphene on Ru(0001),
as can be seen on several STM images (Figure 2 (a) in ref [40] and figure 4 (b)
in ref [19]).
The bending of the graphene at a step edge necessarily induces a ∆C shift in
the graphene structure along the 〈11¯00〉C direction (i.e., perpendicular to the
step edges) with respect to a hypothetical unbent graphene (see fig. 5.13 (c)).
This shift should cause a ∆m shift of the moire´ lattices from a terrace to
the other, along the opposite direction. Such a shift is evaluated in fig. 5.13
d, which shows a line profile along such a brightness minimum. The peri-
odic profiles and therefore the moire´ sites on both sides of the step edge are
dephased by m perpendicular to the step edge. For A-steps, a systematic
analysis over several step edges reveals a typical ∆m shift corresponding to
+50% with 10% dispersion of the repeat distance in the moire´ lattice along
〈11¯00〉C, that is, +2.19 nm with 0.44 nm dispersion. For B-steps, a similar
analysis yields ∆m = −0.77 nm with 0.44 nm dispersion. Part of this shift is
intrinsic to the Ir(111) terraces, namely Ir atoms are laterally shifted (∆Ir)
from a terrace to the other according to the fcc stacking (see fig 5.13 (d)).
For an A-step (B-step) ∆Ir = +
√
3aIr/3 = +0.1568 nm(∆Ir = −
√
3aIr/3 =
−0.1568 nm) The ∆m shift was then translated in terms of an atomic shift
∆C, through k
′
C∆C = k
′
Ir∆Ir − k′m∆C where k′C = 1/(
√
3aC) = 1/0.425 nm
−1
and k′Ir = 1/(
√
3aIr) = 1/0.470 nm
−1 correspond to reciprocal space vectors
~k′C and ~k
′
Ir perpendicular to the previously defined
~kC and ~kIr vectors, and k
′
m
corresponds to the moire´ reciprocal space vector ~k′m = ~k
′
C−~k′Ir, which is per-
pendicular to the previously defined ~km vector. This yields ∆C = −0.073 nm
with 0.022 nm dispersion for A-steps dispersion, and ∆C = −0.067 nm with
0.030 nm dispersion for B-steps.
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Figure 5.12: (a) 125 nm × 250 nm STM topograph (0.10V, 30 nA) of
graphene grown on Ir(111) at 1320K, crossing several Ir steps. (b) Con-
tinuous atomic arrangement in graphene across a step edge (5 nm × 5 nm,
0.04V, 30 nA).
The last step was to relate this atomic shift to the bending of the graphene.
For that purpose, we developed an elementary model depicted in fig. 5.13 (c).
Within that model the graphene layer across the step edge was approxi-
mated by two identical arcs of cylinders with radius R, and arc angle Θ.
We fixed continuous conditions on both the graphene sheet and its deriva-
tive and imposed a constant graphene height before the step edge and well
after. Two relationships are needed to extract both R and Θ from ∆C.
The first one is set by the boundary conditions, namely the projection of
one arc of circle onto the out-of-plane direction equals half an Ir step edge
height (s), s/2) = R(1 − cosΘ). The second relationship is the definition
of the atomic shift, which is the difference between the arc length and its
projection onto the flat surface, modulus an integer number (n) of C rings:
∆C = −(2RΘ − 2R sinΘ) + ndCC with dCC being the C period along the
bending direction and dCC = 1/k
′
C = 0.425 nm in the present case. Provided
that ∆C may only vary between 0 nm (unbent graphene) and the step height,
s =
√
2/3aIr = 0.222 nm, and because s < dCC, n must be equal to 0. The
system of nonlinear equations with R and Θ as unknowns is then solved nu-
merically for each value of ∆C. R is found to have an average of 0.27 nm with
an asymmetric dispersion of 0.10 nm and 0.25 nm toward lower and higher
values, respectively. The asymmetry arises from the nonlinearity of the sys-
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tem of equations to be solved, which conveys into increased dependence of R
upon small changes of ∆C when ∆C decreases. The value of 0.27 nm is small
and corresponds to radii of very thin single wall carbon nanotubes [224].
5.3 Conclusion
Graphene can be epitaxially grown on Ir(111) with the Ir[11¯0] direction paral-
lel to the graphene’s [112¯0] direction despite of their incommensurate lattices.
The mismatch of the lattices gives rise to long scale moire´ with a periodicity
of 25.3 A˚. The moire´ can be used to magnify atomic misorientations. The ori-
entational scatter of the atomic rows of graphene flakes grown by thermally
decomposing an ethylene layer at 1470K for 20 seconds is 0.25 ◦.
The fcc, hcp and atop regions in the moire´ differ in their local atomic ar-
rangement. Nevertheless the hcp and fcc regions behave similar in several
ways: Both can harbour iridium clusters, as grown in post decoration exper-
iments. The local binding energy minimum for iridium clusters is deepest
in the hcp regions. Ir clusters nucleate there even above room temperature.
Hcp and fcc regions are imaged with comparable corrugations, while the atop
region is images either much brighter or much darker then the other regions,
whenever there is moire´ contrast.
Gaphene monolayers grown by low-pressure CVD of ethylene on hot Ir(111)
are fully coherent over step edges on scales larger than micrometers. Graphene
lies like a blanket on the substrate and bends over step edges with radii of
curvature similar to those of thin single wall carbon nanotubes. The only de-
fects we found in the graphene lattice are edge dislocations forming pentagon-
heptagon carbon atom rings. These edge dislocations are spread in low den-
sity and with characteristic separation to form small angle tilt boundaries
in the graphene lattice. They also may occasionally be found at step edges.
The observation of moire´ domains amplifies strongly the small orientation dif-
ferences of the graphene lattice but does not imply a structural disintegrity
of graphene. At sufficiently high growth temperatures, the moire´ domains
reach at least micrometer sizes thereby minimizing the concentration of edge
dislocations in the lattice.
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Figure 5.13: (a) 60 nm × 60 nm STM topograph (0.11V, 30 nA) of a
single moire´ domain grown at 1320K. Undisturbed by the visible B-step,
the moire´ minima along the 〈11¯00〉C direction are centered on a straight
line. (b) Ball-model top and side views of a graphene sheet crossing an
Ir B-step edge. The incommensurate Ir(111) surface lattice and graphene
are superimposed in the experimentally observed orientation with 1100◦C
(white arrow) parallel to the 〈112〉Ir direction of Ir. The moire´ brightness
maxima in the ballmodel along 〈11¯00〉C are centered on a straight line
extending over the step edge (in between the two black arrows). Note
that the ballmodel brightness maxima are imaged as brightness minima by
STM. The moires on the two terraces are shifted perpendicular to the step
edge (m). (c) Close up side view of the Ir B-step edge and graphene sheet
crossing it. The curvature is modeled by two identical arcs of cylinders (R,
Θ) with continuous boundary conditions at all junctions. The C atoms shift
(∆C) with respect to hypothetical unbent graphene (small green circles) is
related to the moire´ shift ∆m and the shift (∆Ir) between Ir atoms from a
terrace to the other (see text for details). (d) Apparent height along the
〈11¯00〉C direction of the graphene lattice, shown in panel (a).
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Our results are likely of interest for achieving large-sized, high structural
quality epitaxial graphene sheets. The transport properties of graphene as
a function of the density and the electronic properties of defects, as well as
the use of such large graphene sheets for subsequent self-organized growth
of magnetic or catalytic nanoclusters, are meaningful examples encouraging
further research on graphene/metal materials.
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6 Clusters
Graphene moire´s with noble metal surfaces are a new and unique support
for cluster superlattices. This was shown first for graphene moire´s on Ir(111)
allowing Ir cluster superlattice formation [42]. Though a special material
system, the binding mechanism is versatile. Through metal deposition on
the graphene layer – which is only weakly interacting with the metal sub-
strate in the absence of metal deposits [24] – graphene locally rehybridizes
from sp2 to sp3 carbon bonds at a specific location in the moire´ unit cell and
in between the substrate and deposit metal, thereby forming strong carbon
metal bonds [106]. In between the substrate and deposit metal the sp3 rehy-
bridized graphene has tetrahedral bond angles and may thus be considered
as diamondlike. Within each moire´ unit cell rehybridization is possible where
locally the carbon rings center around a threefold coordinated hcp-site or a
threefold coordinated fcc-site (both having three C-atoms on atop substrate
sites). These locations are named hcp region or fcc region, respectively. Ex-
perimentally and by DFT calculations we find that Ir clusters bind by far
stronger to hcp regions [32,42,106].
Fig. 6.1 a displays a cluster superlattice grown on a graphene flake formed
by temperature programmed growth on Ir(111) [17]. With this method
graphene covers the surface only partially, which is suitable for scanning probe
investigations, as it retains the metal surface partially for calibration of cluster
size through island coverage in the graphene free areas. Also direct compari-
son of the properties of clusters and those of the deposit islands on the metal
is possible. In chapter 4 chemical vapor deposition at high temperatures is
used to grow graphene fully covering the substrate and displaying hardly any
defects [17, 155]. Using a dedicated combination of both methods [225], we
are not only able to ensure full coverage but also the graphene and Ir dense
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packed atomic rows to be parallel, i.e. no traces of rotational variants are
present [156].
In this chapter we show that graphene moire´s as active templates are supe-
rior to other systems enabling the growth of two dimensional cluster super-
lattices on solid surfaces through a unique combination of properties: (i) the
cluster binding mechanism is universal enabling growth of a large diversity
of materials as superlattice; (ii) the superlattice order is extremely high with
a completely filled lattice;(iii) if desired the superlattice extends macroscopi-
cally without uncovered substrate patches; (iv) fabrication is possible at room
temperature; (v) the superlattices possess a reasonably high thermal stability
and display absence of alloying and interdiffusion within a large temperature
range; (vi) the cluster size is tunable and the size distribution is narrow.
Graphene was prepared using temperature programmed growth (TPG) at
1470K or TPG and subsequent chemical vapor deposition (CVD) at 1370K
[17,225] (see 4.1 and 4.3).
Clusters were grown by the evaporation of high purity metals with typical
deposition rates of a few times 10−2ML/s where 1ML (one monolayer) corre-
sponds to the surface atomic density of Ir(111), see also [152]. Clusters were
imaged at deposition temperature, if not indicated otherwise. However, for
deposition above 300K or after annealing the sample was quenched to 300K
for imaging.
6.1 Preliminary considerations
To demonstrate the universality of this approach in view of superlattice form-
ing materials we primarily focus on cluster materials with potentially interest-
ing structural, magnetic, catalytic or optical properties. As heuristic guide-
lines for the suitability of a material to form a superlattice we considered
three factors: (i) A large cohesive strength of the material as an indicator
for the ability to form strong bonds. (ii) A large extension of a localized
valence orbital of the deposit material allows it to efficiently interact with the
graphene π-bond and thus to initiate rehybridization to diamondlike carbon
underneath the cluster. (iii) A certain match of the graphene unit cell re-
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material structure a/A˚ rd/pm Ecoh/eV
Ir fcc 2.715 70.8 6.94
W bcc 2.741 77.6 8.90
Re hcp 2.761 73.9 8.03
Pt fcc 2.775 65.9 5.84
Au fcc 2.884 63.5 3.81
Fe bcc 2.483 38.2 4.28
Ni fcc 2.492 33.8 4.44
Table 6.1: Crystal structure, nearest neighbor distance a, valence d-
orbital radius rd and cohesive energy Ecoh of the tested materials for cluster
superlattice formation on the graphene moire´ on Ir(111).
peat distance on Ir(111) of 2.452 A˚ [32] and the nearest neighbour distance
of the deposit material is necessary to fit the first layer cluster atoms atop
of every second C atom. As small clusters - which are the relevant sizes to
start superlattice growth - have a smaller lattice parameter compared to bulk
materials, and as Ir works perfectly as a cluster material [42], we considered
2.7 A˚ as an optimal nearest neighbor distance. Table compares the data for
the tested materials. Tungsten was selected as a likely candidate for super-
lattice formation (all three figures are in favor of superlattice formation), but
with a different crystal structure than Ir. Re, Pt and Au were selected as as
potentially interesting materials for catalysis. According to our guidelines we
expected Re to be most likely a superlattice forming material, also Pt, but
with a slightly smaller probability and Au as an unlikely candidate. Fe and
Ni were selected as materials because of their ferromagnetism. According to
their figure of merits, however, we did not expect superlattice formation.
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Figure 6.1: STM topopgraphs of Ir(111) with graphene flakes after depo-
sition of an amount Θ of various metals at 300K. (a) Θ = 0.20ML Ir, av-
erage cluster size sav = 17 atoms; (b) Θ = 0.25ML Pt, sav = 22 atoms; (c)
Θ = 0.44ML W, sav = 38 atoms; (d) Θ = 0.53ML Re, sav = 60 atoms; (e)
Θ = 0.77ML Fe, sav = 420 atoms; (f) Θ = 0.25ML Au, sav = 100 atoms.
Image size 700 A˚ × 700 A˚.
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6.2 Cluster structure and superlattice
formation at 300K
Figure 6.1 displays STM topographs after deposition of 0.2-0.8ML on Ir(111)
partly covered with graphene flakes. The graphene flakes are typically at-
tached to substrate steps, but also extend over one or several of them [Fig.
6.1 (a), 6.1 (b),6.1 (e)]. In the areas without graphene, deposit metal islands
of monolayer height formed from the evaporated material. In Figs. 6.1 (c)-
6.1 (e) already second layer island nucleation took place. Depending on the
deposited metal the island nucleation density on Ir(111) varies considerably
being highest for the W and Re, the metals with the highest cohesive energy
[Figs. 6.1 (c) and (d)]. The deposit islands mostly reflect the threefold sym-
metry of the substrate. It is obvious from Fig. 6.1 that all deposited materials
are pinned to graphene flakes to a certain extend and that graphene on Ir(111)
is in all cases much more sticky to the deposited metals than the surface of
graphite [226]. However, not all materials form a cluster superlattice.
Ir and Pt form superlattices of similar perfection [compare Figs. 6.1(a)
and 6.1(b)]. For the represented Θ ≈ 0.2ML both materials exhibit two
distinct height levels of the clusters indicating an out-of-plane texture of the
cluster orientation. Distinct height levels are present also for larger and higher
clusters up to the coalescence threshold (compare also fig. 2 of reference [42]).
The apparent height differences between 3ML and 4ML clusters as well as
those between 4ML and 5ML clusters are for Ir and Pt in the range of
2.2 A˚ and 2.3 A˚, i.e. of the size of a monatomic step height h1 on a (111)
terrace [h1,Ir = 2.22 A˚ and h1,Pt = 2.27 A˚]. The height differences in lower
levels differ from these numbers. Specifically, the apparent height difference
between the graphene substrate and the first cluster height level for sav > 15
atoms is always found to be larger than 2.5 A˚ while the difference between
the first and second height level is typically below 2.0 A˚. We interpret these
deviations from the (111) step height as density of state effects. While for
Ir and Pt the height of each single cluster is an integer number of (111)
layers, the average cluster height hav may be noninteger due to the averaging.
Fig. 6.2 displays an analysis of hav for Ir clusters grown at 350K and Pt
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Figure 6.2: Ir (full squares) and Pt (red dots) average cluster heights hav
in monolayers as a function of deposited amount Θ.
clusters grown at 300K. The decrease of hav for Ir clusters between 1.5ML
and 2.0ML is due to the onset of cluster sintering. Upon cluster sintering
the clusters reshape and material flows into the gaps separating the clusters,
thereby causing frequently a height reduction. It is also apparent from Fig.
6.2, that large Pt clusters tend to grow flatter than Ir clusters, giving rise to
a somewhat earlier cluster sintering.
After having established the [111] out-of-plane texture of Pt and Ir clus-
ters, the question arises whether the clusters possess also in-plane-texture,
i.e. whether the clusters are also oriented within the surface plane. Fig.
6.3(a) displays a small area of an Ir cluster array after deposition of 1.5ML
imaged with a large tunneling resistance of 2.3× 109Ω. Despite the absence
of atomic resolution at least some cluster edges appear to be oriented along
the 〈211〉-direction. Lowering the tunneling resistance to 7× 106Ω - thereby
bringing the tip close to the cluster surfaces - and tuning the contrast to the
different levels of the cluster top mesas changes the picture. The top mesas
are almost atomically resolved (some row like corrugation is visible) and the
edges of the top mesas are unambiguously oriented along 〈11¯0〉. It needs to
be noted that under low tunneling resistance conditions necessary for atomic
resolution clusters are usually picked up by the STM tip. The apparently
different orientation of cluster edges at high tunneling resistances is a mere
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Figure 6.3: (a) STM topograph after deposition of 1.5ML Ir on a
graphene moire´ on Ir(111), sav = 130. The dashed line indicates the po-
sition of an underlying substrate step. The visible clusters on the lower
terrace have heights of 4ML and 5ML. For imaging the tunneling resis-
tance was 2.3 × 109Ω (I = 0.5 nA and U = 1.15V. (b), (c), (d) Same
location imaged successively with a low tunneling resistance of 7 × 106Ω
(I = 30nA and U = 0.2V) and contrast tuned to the different cluster
levels. Cluster edges are aligned along 〈11¯0〉 substrate directions [see (b)].
Inset in (d): Ball model of a 5 layer cluster of 140 atoms consistent with
the experimental observations. Image size 130 A˚ × 160 A˚.
imaging artifact. If a tip scans a hexagonal grid of elevated objects in a large
distance not the shape of the objects forming the grid but the hexagonal grid
itself determines the apparent orientation of the boundaries between the ob-
jects. The inset of Fig. 6.3(d) represents a ball model of a five layer cluster
containing 140 atoms which is consistent with the experiments. Although we
are unable to prove directly that the cluster sidewalls are formed by {100}
and {111} facets, facets of smaller slope would imply cluster contacts at their
base. This is unlikely to be the case, as we find in annealing sequences clusters
to reshape rapidly upon contact. To summarize, we have shown that Ir clus-
ters (and the Pt ones most likely as well) are epitaxial clusters with the (111)
cluster planes parallel to the substrate surface and the 〈11¯0〉 cluster directions
parallel to the 〈11¯0〉-directions of the Ir substrate and the 〈11¯20〉-directions of
graphene. This epitaxy of Ir clusters on the graphene moire´ is also predicted
by the geometry in the DFT based model of cluster binding [106].
Also tungsten forms a cluster superlattice of high perfection. Compared
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to Pt and Ir the centers of mass of the clusters deviate slightly more from
a perfect hexagonal superlattice. Still the scatter of the cluster positions
is too small to result in cluster sintering for Θ = 0.44ML as visualized in
Fig. 6.1 c. Close inspection of our data - also for Θ = 0.04ML - shows
that less than 1% of clusters is out registry with the hcp regions (see also
below). The apparent cluster heights for Θ = 0.44ML range from 4 A˚ to
8 A˚ with an average around 6 A˚. The clusters seem higher than the Ir ones
for a comparable Θ. Distinct height levels are also present for W clusters as is
obvious from Fig. 6.1 (c). However, the height levels are less well defined due
to their smaller separation. Between adjacent clusters we measure frequently
height differences of about 0.8 A˚ to 1 A˚. With a small distortion the dense
packed W(110) plane with a nearest neighbour distance of 2.74 A˚ would fit to
the triangular 2.46 A˚ periodicity provided by the graphene for rehybridization.
However, a [110] out-of-plane cluster texture would result in height levels
spaced by 2.24 A˚, i.e. a similar spacing as for Ir and Pt. From the presence of
intermediate levels we exclude this cluster orientation as the single one. Small
step heights of 0.8 A˚ to 1 A˚ are consistent with a [111] out-of-plane texture
with a step spacing of 0.91 A˚. The open W(111) plane has also the threefold
symmetry of the graphene moire´ in the hcp or fcc regions. However, in plane
atomic spacings are 4.48 A˚. They could be fitted to the 4.27 A˚ separation
of a (
√
3 × √3)R30 superstructure of graphene. For a final statement more
detailed experiments are certainly necessary but also likely to be rewarding
to settle the issue of the W cluster superlattice texture.
For Re only partial order of the cluster arrangement is realized as visible in
Fig. 6.1 (d). Two possible reasons could cause the apparent disorder: (i) the
existence of several adsorption mimima within a moire´ unit cell, causing less
ordered growth followed by early coalescence and cluster rearrangement; (ii)
a too low depth of the cluster size dependent adsorption mimina. Assuming
an increase of the potential well with increasing cluster size, adatoms and
small clusters up to a certain size sc would be likely to leave their unit cell
during growth. Both scenarios would give rise to the observed heterogeneous
size distribution, but the latter would explain also the existence of a large
number of empty moire´ unit cells. For Re we performed also low coverage
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experiments [compare Fig. 6.9 (d)]. We find a comparatively low moire´ unit
cell occupation probability (or a comparatively large sav) for the deposited
amount, but with few exceptions all clusters adsorbed on a regular grid. We
are therefore convinced that indeed the adsorption site minima are not of
sufficient depth to keep small Re clusters up to a certain critical size (being
much larger than the one for Ir, Pt and W) during and after growth on
their positions within the moire´. We note that the poor quality of the Re
cluster superlattice is at variance with our expectations, as Re has a large
cohesive energy, an extended d-orbital and a reasonably well matching nearest
neighbour distance (compare table 1).
For Fe [Fig. 6.1 (e)], Au [Fig. 6.1 (f)] and Ni (data not shown) at room
temperature no superlattice can be realized. Large clusters, lacking defined
height levels or shape features are formed. The unstructured, hemispherical
clusters display heights of up to 23 A˚ for Fe and 15 A˚ for Au. The absence of
a regular cluster superlattice for these materials is expected in view of their
small cohesive energy and/or their limited valence orbital extension. Binding
of the deposit metal to graphene is apparently too weak to trap adatoms and
small clusters, i.e. the depth of the potential energy minima within a moire´
unit cell is not sufficient to stabilize a growing cluster.
6.2.1 Low temperature cluster superlattice growth and
annealing
If we assume that cluster superlattice formation for Re and even more for
Au, Fe and Ni is impeded by a too high mobility of small clusters during
growth, lowering the growth temperature would decrease sc and thus be an
efficient strategy to improve superlattice formation. Fig. 6.4 (a) displays
a Re cluster superlattice grown at 200K by deposition of Θ = 0.45ML.
Annealing to 300K does not change the cluster superlattice as visible in Fig.
6.4 (b). The side-by-side comparison to Re clusters grown at 300K in Fig.
6.4 (c) makes the efficiency of lowering the growth temperature to improve
superlattice formation obvious. The low growth temperature reduced sc,
enabled the almost complete filling of the moire´ unit cells and allowed the
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Figure 6.4: STM topographs of Ir(111) with graphene flakes after de-
positing amounts Θ of Re or Au at the indicated temperature T . (a)
Θ = 0.45ML Re, sav = 41, T = 200K; (b) Θ = 0.45ML Re, sav = 41,
T = 200K. Subsequently the sample has been annealed to 300K and im-
aged; (c) Θ = 0.53ML Re, sav = 60, T = 300K; (d) Occupation probabil-
ity n of moire´ unit cells with clusters as a function of growth and annealing
temperature T ; triangles pointing to the right: Au clusters, 0.25ML de-
posited at the indicated T ; triangles pointing to the left: Au clusters, 0.25
ML deposited at 90K and additionally annealed to the indicated T ; down
triangles: Re clusters, 0.45ML deposited at the indicated T ; up triangles:
Re clusters, 0.45ML deposited at 200K and annealed to the indicated T .
(e) Θ = 0.25ML Au, sav = 24, T = 90K.
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clusters to grow to a size being stable even at 300K. One might speculate that
a further lowering of the growth temperature would have improved the Re
cluster superlattice even further. In the quantitative analysis of Fig. 6.4 (d)
it is also apparent that the difference in moire´ unit cell occupation between
growth at 400K and annealing to 400K from a formation temperature of
200K is even larger than the corresponding one at 300K. At the same time it
is also obvious from the data of Fig. 6.4 (d) that growth at a low temperature
and annealing preserves the superlattice only up to a limited temperature
[(compare up and down triangles at 400K in Fig. 6.4 (d)]. Lowering the
growth temperature to 200K for Au did not significantly enhance cluster
nucleation. However, lowering the growth temperature even further to 90K
resulted in an Au cluster superlattice of moderate order as shown in Fig.
6.4 (e). Also in this case the once formed superlattice may be preserved to
a higher temperature. However, as visible from the quantitative analysis
shown in Fig. 6.4 (d), the Au cluster superlattice is deteriorated already after
annealing to 220K.
Mild annealing leads to more subtle effects which do not affect the posi-
tional order of the cluster array. For 0.45 ML of Ir deposited at 300K, by
annealing to 450K for 300 s the amount of single layered clusters decreases
from (15± 2)% to (10± 2)% with a negligible decrease of the overall occu-
pational density of the moire´ with clusters. This implies, that single layered
clusters of a certain size transform to a more stable two layered form upon
annealing.
6.2.2 Cluster seeding
Low cohesive energy metals tend not to form cluster superlattices on the
graphene moire´ on Ir(111), as tested by us for Au, Fe, and Ni. Such metals
wet high cohesive energy metals, due to their lower surface free energy. High
cohesive energy metals mostly form rather perfect cluster superlattices, tested
here for Ir, Pt and W. It is thus natural to apply cluster seeding, i.e. to define
the positions of the clusters by a small Θ of a high cohesive energy metal
and to grow these seeds by subsequent deposition of a low cohesive energy
metal [227,228]. The successful application of this method is visualized in Fig.
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Figure 6.5: (a), (c), (d),(e) STM topographs of Ir(111) with graphene
flakes after depositing amounts Θ of Ir and Au or Fe at 300K. Image
size 500 A˚ × 500 A˚. (a) Θ = 0.10ML Ir, sav = 9. (b) Line scan along
the line indicated in (a). The two red arrows indicate the height level
of ML clusters. (c) Θ = 0.10ML Ir and subsequently Θ = 0.35ML Au
corresponding to 30 Au atoms per seed cluster. (d) Θ = 0.10ML Ir and
subsequently Θ = 0.70ML Fe corresponding to 61 Fe atoms per seed clus-
ter. (e) Θ = 0.10ML Ir and subsequently Θ = 2.0ML Fe. Average number
of Fe atoms per cluster is 760. (f) Line scan along the line indicated in
(d). (g) Line scan along the line indicated in (e). (h) Line scan along the
line indicated in (f). The red dashed lines in (f)-(h) indicate the height
level of monolayer Ir clusters in (b).
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6.5. As shown in Fig. 6.5 (a) first through deposition of 0.1ML Ir seed clusters
are created in nearly all moire´ unit cells. Subsequent deposition of Au [Fig.
6.5 (b)] or Fe [Fig. 6.5 (c)] at 300K results in highly perfect Au and Fe cluster
superlattices with Ir cores. Comparing Fig. 6.1 (f) with Fig. 6.5 (c) for Au
and of Fig. 6.1 (e) with Fig. 6.5 (d) for Fe makes the dramatic effect of seeding
obvious. Even after deposition of amounts beyond the coalescence threshold
the seeding has beneficial effects on cluster uniformity and distribution. For
deposition of Θ = 2ML Fe still a high density of large, uniformly sized and
spaced Fe clusters grows. These Fe clusters contain 760 Fe atoms and have
a height of 20 A˚ [compare Fig. 6.5 (h)]. They are not more positioned on a
superlattice, but span 4 to 5 moire´ unit cells and contain about 40 Ir atoms.
6.2.3 Temperature stability
For applications of cluster superlattices in nanomagnetism and nanocatalysis
thermal stability of the cluster arrays and the absence of sintering at the
temperature of use are of crucial importance. To provide data in this respect
we investigated the thermal stability of the materials tested so far and display
the results in Fig. 6.6. The example annealing sequence of Figs. 6.6 (a) to
6.6 (f) shows the gradual decay of the cluster superlattice through isochronal
annealing steps of 300 s up to 650K. The Pt cluster superlattice remains intact
up to 400K. Fig. 6.6(g) quantifies annealing by plotting the temperature
dependence of the moire´ unit cell occupation probability n as a function
of temperature T . It is apparent that the Ir cluster superlattice is indeed
the most stable one, decaying as the only one in two steps. Most cluster
superlattices are stable up to 400K, which provides a reasonable temperature
window for nanocatalysis and nanomagnetism experiments.
The decay of all cluster superlattices occurs due to the thermally activated
motion of clusters. The clusters fluctuate around their equilibrium positions
within the moire´ unit cell. The magnitude of cluster fluctuations depends
on the cluster size and the internal cluster structure (the isomer). Upon en-
counter during their fluctuations the clusters merge immediately, on a time
scale of less than a second. The outcome of the merging again depends on
cluster size. We distinguish two prototypical situations. (i) The clusters con-
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Figure 6.6: (a)-(f) Annealing sequence of a Pt cluster superlattice on
a graphene moire´ on Ir(111) with Θ = 0.25ML grown at (a) 300K and
subsequently annealed in 300 s time intervals to (b) 400K, (c) 450K (d)
500K, (e) 550K and (f) 650K. Image size 700 A˚ × 700 A˚. (g) Occupation
probability n of moire´ unit cells with clusters as a function of annealing
temperature T . (h) Arrhenius plot of cluster hopping rate ν(T ). Lines rep-
resent fits for the hopping rate with diffusion parameters as shown in table
6.2. For Ir, two parts of the dataset (I) and (II) are fitted independently.
6.2 Cluster structure and superlattice formation at 300 K 171
(a)
(f) (g) (h) (i) (j)
(b) (c) (d) (e)
Figure 6.7: (a)-(e) STM topographs after deposition of 0.01ML Ir at
350K and subsequent heating to 390K, The time lapse sequence images
the same surface spot every 120 s at 390K. Image size 250 A˚ × 250 A˚,
sav = 4.5 atoms. Circles indicate, where changes take place in successive
images. (f)-(j) STM topographs after deposition of 1.5ML Ir at 350K
and subsequent heating to 470K, The time lapse sequence images the same
surface spot every 120 s at 470K. Image size 150 A˚ × 150 A˚.
sist only out of a few atoms. Such clusters result from a very low deposited
amount Θ. For such a Θ also the moire´ unit cell occupation probability n
is typically well below 1. Through thermally activated fluctuations a cluster
may surmount the activation barrier Ea to leave its moire´ unit cell. If the
cluster arrives in an empty cell it will rest there, if it arrives in an occupied
cell the two clusters in the cell coalesce. They reshape completely such that as
end product a single, compact cluster results which is located entirely within
a single moire´ unit cell. This is the regime of complete cluster coalescence.
Figs. 6.7 (a)-(e) display a sequence of STM topographs taken at 390K. The
visible clusters result from Θ = 0.01ML and have sav = 4.5 atoms. White
circles in subsequent stills indicate locations of thermally activated changes.
The white circles in the upper left corner of Figs. 6.7 (a)-(c) highlight a situ-
ation of thermally activated cluster motion resulting eventually in complete
cluster coalescence. Note that the resulting cluster appears to be larger and
higher in consequence of complete coalescence. In the Pt annealing sequence
of Fig. 6.6 in (d) a considerable number of larger and higher clusters ap-
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pear, which are preferentially located next to empty moire´ cells. They are
likely to be formed by complete coalescence. In addition, in Figs. 6.7 (a)-(e)
a number of thermally activated cluster jumps into empty cells are circled,
which consequently do not result in cluster coalescence. (ii) If the clusters
are large, close to the coalescence threshold, cluster merging proceeds dif-
ferently. Still such clusters fluctuate around the location of their potential
energy minimum. According to their large mass and better internal stability
the magnitude of fluctuations has diminished and one might ask how cluster
merging takes place at all. However, only small fluctuations are necessary
to initiate cluster merging, as due to their large size the cluster have only a
small edge separation of a few A˚ngstro¨ms. For coalescence the clusters do not
have to leave their moire´ unit cell, but it is sufficient to move a little up their
shallow potential energy depression to encounter a neighbouring cluster. Due
to their size and significant binding the resulting cluster spans two moire´ unit
cells and does not reshape completely. This is the regime of cluster sintering
or incomplete cluster coalescence. Figs. 6.7 (f)-(j) display a situation of clus-
ter sintering imaged at 470K for clusters formed after deposition of 1.5ML
Ir (130 atoms per moire´ unit cell) at 350K. Two subsequent cluster sinter-
ing events of neighbouring clusters result eventually in a new single cluster
extending over three moire´ unit cells. The two scenarios depicted above are
extreme cases and intermediate situations occur. From what has been said
above it appears that cluster superlattice stability depends also on sav. It
is expected that arrays of medium sized clusters with diminished fluctuation
amplitudes and still sufficient separation from their neighbours are the most
stable ones.
To obtain a quantitative estimate for parameters determining cluster su-
perlattice decay we model it as follows. We assume the cluster superlattice to
consist of clusters with a unique activation energy Ea for cluster interaction
with a neighbouring cluster and an interaction frequency ν = ν0e
−Ea/kBT ,
where ν0 is an attempt frequency characterizing the frequency of cluster fluc-
tuations, kB the Boltzmann constant and T the temperature of the experi-
ment. The probability that one cluster encounters another one is proportional
to n. We assume complete coalescence, i.e. the final cluster to occupy only a
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single moire´ unit cell. The number of these events is as well proportional to n.
Under these conditions the decrease of n with time t at a given temperature
is:
dn
dt
= −n2ν (6.1)
Using integration by parts we solve this differential equation for the boundary
of the cluster density n1 before, and n2 after an annealing step of a fixed time
interval ∆t resulting in
ν(T ) =
1
∆t
(
1
n2
− 1
n1
)
. (6.2)
We emphasize here that our crude approximation effectively averages over
different size dependent interaction frequencies ν for a given size distribution.
However, using the annealing time ∆t and the annealing temperature T ,
this appoach allows one to derive the temperature dependence of ν from an
annealing sequence as shown in 6.6 (a)-(f).
The resulting Arrhenius plots are shown in Fig. 6.7 (h). Activation energies
are between 0.38 eV and 0.75 eV. The resulting ν0 lie between 1.4Hz and
500Hz. These attempt frequencies are much lower than a typical phonon
frequency and also much lower than what is found for the diffusion of adatoms
and small adclusters (compare e.g. [229]). According to transition state theory
the low ν0 point to exceptionally large differences of the partition function
of clusters in the bound state versus clusters in the transition state. The
diffusion parameters have to be viewed as effective diffusion parameters for
an ensemble of clusters comprising all size effects and not as the properties
of an individual cluster. This is also illustrated by the large variations in
parameters for the observed cluster lattices from Pt with different average
cluster size.
For the case of Ir as shown in Fig. 6.6 (g) and (h), there is a distinct discon-
tinuity in the cluster density and consequently in the estimated interaction
frequencies ν between 550K and 650K. Interestingly this transition coincides
with all single layered clusters dying out. We interpret the discontinuity as
a result of different diffusion parameters for single layered and multi layered
clusters.
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Clusters Ea ∆Ea ν0 ∆ν0,− ∆ν0,+
Ir, 0.45ML (I) 0.41 eV 0.02 eV 1.4Hz 0.5Hz 0.8Hz
Ir, 0.45ML (II) 0.75 eV 0.2 eV 67Hz 65Hz 2700Hz
Ir, 0.45ML 0.28 eV 0.08 eV 0.06Hz 0.03Hz 0.05Hz
Pt, 0.25ML 0.60 eV 0.08 eV 500Hz 430Hz 3100Hz
Pt, 0.70ML 0.38 eV 0.02 eV 6.2Hz 2.3Hz 3.7Hz
W, 0.44ML 0.47 eV 0.04 eV 33Hz 20Hz 52Hz
Table 6.2: Diffusion parameters and corresponding statistical errors as
derived from ν(T ), for the cases of Ir, Pt an W. The parameters have
as well been determined separately for two sections (I) and (II) of the
dataset as indicated in Fig. 6.6 (h) Attempt frequencies have an statistical
asymmetric error, so that negative and positive one are given. Systematic
errors may be larger (see text).
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Figure 6.8: Cluster density n evolution with a Monte Carlo simulation
using average diffusion parameters. The temperature is increased every
300 s corresponding to Fig. 6.6(g) and (h). Cluster densities after the
annealing steps as in figure 6.6 are reshown for comparison.
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This approach of effective diffusion parameters is checked for consistency
with a kinetic Monte Carlo simulation. The algorithm for the simulation
is based on work by Bortz at al. [230]. The cluster lattice is modeled as
a hexagonal lattice with clusters, which can hop to adjacent sites with a
frequency ν = ν0e
Ea/kBT based on ν0 and Ea as given in the last four lines of
table 6.2. The cluster lattice dwells at each annealing temperature for 300 s
and is heated successively to higher temperature annealing intervals. Time
for cooling, imaging, and reheating is omitted. The simulation reproduces the
cluster densities well as shown in figure 6.8. Kinks occur in the curve, where
the temperature changes. Not surprising, Iridium is an exception to the good
match because one kind of clusters dies out rapidly and the approximation
of effective diffusion parameters breaks down for the examined temperature
range.
6.2.4 Binding sites of clusters in the superlattice
Experimentally [32,42] and by calculations [106] we find Ir clusters to adsorb
preferentially in hcp regions of the moire´ unit cells. These sites differ from
the fcc regions only by the fact that instead of a threfold coordinated fcc
hollow site a threefold coordinated hcp hollow site is centered in the carbon
ring. They differ significantly from the atop-type area which has an atop
site centered in the carbon ring. At low growth temperature we find for Ir
deposition also fcc regions to be populated by small clusters, consistent with
the similarity of the two areas [32]. It is not at all evident that also other
materials adsorb preferentially to hcp regions. Specifically for materials with
a different crystal structure like W with its bcc structure or Re with the hcp
crystal structure we would not be surprised to find the clusters adsorbed pref-
erentially to fcc regions or to be even unspecific to the small difference caused
by the second layer underneath the Ir surface. To obtain cluster binding sites
experimentally we make use of the fact that the graphene sheets on Ir form a
jagged zig-zag edge when in contact with a 〈11¯0〉/{100} microfacet or A-step
of the substrate. The step undulation of the graphene sheet has the moire´
periodicity. The protrusions of the graphene flake’s edge are bowing out to-
wards the Ir terrace at atop-type areas. This fact does evidently not depend
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Figure 6.9: Binding site determination for (a) Ir, (b) Pt, (c) W and (d)
Re clusters. Deposition was performed at 300K and (a) Θ = 0.10ML,
sav = 9atoms; (b) Θ = 0.04ML, sav = 6atoms; (c) Θ = 0.04ML, sav =
4atoms; (d) Θ = 0.03ML, sav = 10 atoms. Due to the moire´ the graphene
flakes form a jagged edge if in contact with a 〈11¯0〉/{100} microfacet or
A-step. The dark tips of the jagged graphene edge are atop site areas.
Fixing the grid of moire´ unit cells to these positions enables a binding site
assignment. The clusters always sit in the green triangular half-unit cells
pointing away from the step (see text).
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Figure 6.10: Ir cluster superlattice grown at 300K with Θ = 0.80ML
resulting in sav = 70 on graphene prepared by temperature programmed
growth followed by chemical vapor deposition and extending over the entire
sample. Image size 0.5µm × 0.3µm, inset 500 A˚ × 300 A˚.
on the deposited material and allows us unambiguous cluster adsorption site
assignment. In Fig. 6.9 for Ir, Pt, W and Re the corners of the moire´ unit
cell grids are fixed to these atop-type areas. We find that the clusters are
always located in the triangular half-unit cells pointing away from the one
dimensional graphene-Ir interface (green triangles in Fig. 6.9). According
to our unit cell assignment (compare Fig. 1 of reference [42]) these are hcp
regions.
6.2.5 Towards cluster superlattice materials
To probe the properties of cluster superlattices by averaging techniques and to
investigate their suitability for potential applications it is necessary to cover a
sample macroscopically with a cluster superlattice. This need is evident if one
considers e.g. the analysis of reaction products from a cluster superlattice in
nanocatalysis. The presence of the bare metal would result in additional peaks
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in thermal desorption spectra and certainly complicate the data analysis. To
establish a macroscopic cluster superlattice the graphene moire´ must cover
the metal substrate entirely, be of unique orientation with an as large as
possible moire´ supercell which displays upon deposition of suitable materials
local rehybridization. While it is likely that a number of graphene moire´s on
different metals fulfill all these conditions, so far they have been proven only
for graphene moire´s on Ir(111). Some optimization of the graphene growth
procedure was necessary to achieve simultaneously full graphene coverage and
a single orientation of the graphene and the graphene moire´ [17,155,225]. Fig.
6.10 displays a large scale STM topograph visualizing to a certain extent
the quality of the available substrate. The cluster superlattice is present
in the entire topograph in unique orientation and even steps merely present
locations where a line of clusters is missing, but without disturbing the overall
alignment of the superlattice.
6.3 Conclusion
In conclusion, we have established that the graphene moire´ on Ir(111) is a
versatile and active template for cluster superlattice growth of a great variety
of materials and with macroscopic lateral extension. If necessary, techniques
like low temperature growth or cluster seeding may permit cluster superlattice
growth for cases, where simple room temperature deposition fails. The high
thermal stability of the cluster superlattices and the ability to grow them on
macroscopic areas opens new opportunities for fundamental cluster research
and applications.
7 Summary and Outlook
7.1 Summary
Graphene is a two dimensional carbon allotrope. The carbon is bonded in the
planar sp2 configuration, very much like a single layer of a graphite crystal.
The band structure of this system can be determined in the tight binding
approximation. Two linear bands crossing at the Fermi level, give rise to
Dirac fermions which have been shown to exist in exfoliated graphene [5,59].
This finding has triggered a renewed interest in epitaxial graphene, also on
metals.
Beside the scientific curiosity, the prospect of new applications drives re-
searchers to seek an understanding of the growth and structure of epitaxial
graphene. Among these prospects are chemical sensors, high speed electron-
ics, and new materials such as highly efficient cluster based catalysts.
This thesis treats the growth and the structure of epitaxial graphene on
Ir(111) and its use as a template for metal cluster superlattices. The experi-
ments have mainly been carried out with STM and LEEM in UHV.
Graphene was grown by two basic methods:
(i) Temperature programmed growth (TPG), which is adsorption of a car-
bon supplier, e.g. ethylene, at room temperature and the subsequent pyrolytic
cleavage by annealing was performed. The annealing temperature is decisive
for the resulting morphology. For low temperatures below 870K ethylene is
fully dehydrogenated, but the resulting small carbon clusters are too inho-
mogeneous in height to be regarded as graphene. For temperatures between
970K and 1470K small graphene islands have been prepared. The island
have edges along densely packed rows of the metal substrate which are pre-
dominantly of the zig-zag type. The average size of the island increases with
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temperature from typical length scales of a few nanometers up to a few hun-
dred nanometers. The amount of graphene is determined by the hydrocarbon
which is used as a precursor. For ethylene, it is 0.22ML of graphene.
(ii) Chemical vapor deposition (CVD) of ethylene at elevated temperatures
which is cracked on the Ir(111) differ very much from TPG. The nucleation
density is 1-3 orders of magnitude lower and the structures are much larger.
The nucleation of islands occurs exclusively at the step edge and islands
grow either only on the lower terrace or in both directions, up and down the
steps. Islands originating from the same nucleus can have small angle grain
boundaries in them. The higher the deposition temperature, the less grain
boundaries form.
Since the conversion probability of ethylene on the hot Ir(111) surface is
close to one, it is possible to grow a high quality graphene film on the whole
sample with CVD. The CVD method has also been transferred to a high
vacuum system where large graphene flakes can be grown, just as in UHV.
LEEM measurements have shown that full layers of graphene grown by
CVD comprise a noticeable fraction of graphene which is rotated by a large
angle with respect to the substrate. This phase can be erased by intermittent
cycles of oxygen etching, because it gets etched preferentially. Alternatively,
the growth of this phase can be suppressed in the first place by a combined
TPG and CVD growth. The graphene growth front in CVD engulfs the nuclei
seeded by the TPG and the rotated phase does not nucleate. TPG+CVD is a
simple method to achieve a full monolayer graphene coverage while avoiding
rotated domains.
A high growth temperature also has a drawback: due to the difference in
thermal contraction of graphene and Ir, compressive strain builds up during
cooling down to room temperature. This strain is relieved by the formation
of wrinkles at a cool down of ∆T ≈ 400K. With LEEM, the formation of
wrinkles and the accompanying strain relief can be observed. The electron
reflectivity of the affected area increases with strain relief. The process of
wrinkle formation has also been modeled as an interplay of compressive en-
ergy, bending energy and binding energy.
The structure of graphene on Ir(111) has been precisely determined with
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STM and LEED. The graphene lattice forms a moire´ with the Ir(111) surface.
With the help of the moire´, the graphene lattice constant has been very
accurately determined to be (2.452±0.004) A˚. The moire´ repeat distance is
(25.3±0.4) A˚. It is also demonstrated that for an in–plane deviation of the
moire´ from the densely packed Ir[11¯0] direction by an angle αm, the atomic
rows only deviate for αa = 0.1 · α. The rotation of neighbouring domains
is accommodated for by the periodic insertion of heptagon-pentagon defects,
which constitute a small angle grain boundary.
Graphene covers the step edges like a carpet with atomic coherency. Mak-
ing use of the magnifying effect of the moire´ one can assess the bending radius.
It lies in the range of 0.3 nm as in very small single wall carbon nanotubes.
Finally we show, the versatility of the graphene moire´ as a template for
metal cluster superlattices and address the properties of these cluster super-
lattices. Superlattices of various metal clusters (Ir, Pt, W, Re, Au, IrFe,
IrAu) were grown by physical vapor deposition. The clusters are perfectly
ordered in a hexagonal array with a nearest neighbour distance given by the
25.3A˚ of the moire´.
The average number of atoms in a cluster can be tuned by the amount of
deposited metal, for Ir from 4.5 – 130 atoms. The clusters exhibit a layer
by layer growth and thus are epitaxial. Despite their small size, the clusters
possess a high temperature stability. While small Au lusters are only stable at
temperatures around 100K, clusters made from Ir are stable above 500K. The
decay of the areal density of clusters can be described as a thermally activated
hopping of clusters from one moire´ cell to the other with a hopping frequency
ν = ν0 · exp(Eb/kBT ) and with effective attempt frequencies ν0 < 1000Hz
and energy barriers between 0.4 – 0.8 eV.
The coalescence occurs through two different types of atomic process: com-
plete coalescence for two small clusters results in one cluster occupying a sin-
gle moire´ cell, while for large clusters a sintering takes place. The resulting
cluster spans multiple moire´ cells.
For some materials, which do not form ordered cluster arrays at room
temperature, the formation of regular cluster superlattices can be enhanced
by a lower substrate temperature. This method is demonstrated for Au and
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Re. The obtained Re clusters remain stable at room temperature. A second
method, to form clusters containing materials, which do not form clusters at
room temperature which is demonstrated for Fe and Au at room temperature.
We seeded the superlattice with small Ir clusters and in a second step used
these well ordered array of Ir clusters to anchor additional Fe or Au.
Finally it is shown, that using the TPG+CVD growth process for the
graphene template, the entire sample can be covered with a cluster super-
lattice.
7.2 Outlook
This thesis has been done in the environment of a vivid and growing graphene
research community and the presented results already had the opportunity
to serve as input for further research. This work has three major topics:
The growths of epitaxial graphene on Ir(111), its structure and metal cluster
superlattices.
With TPG growth, it is possible to growth small flakes of graphene from
preadsorbed molecules. The high island density with well defined edges makes
TPG ideal to study the edges of graphene. Reference [113] already makes use
of this. Edge state of graphene or confinement effects are also subjects which
can well be studies at nanoflakes.
The understanding of the TPG+CVD growth method is not well developed.
Apart from satisfying scientific curiosity, exploring this issue could help to
gain more control over the morphology also of partial coverages of graphene.
The growth methods have been tested for ethene and coronene, but prob-
ably many hydrocarbons are suitable for the conversion into graphene. Us-
ing functional self organizing organic molecules opens new possibilities: the
graphene can possibly be doped with impurities in a controlled manner, if
some of the precursor molecules carry that impurity. Another option would
be to use functional molecules which self assemble in a specific way, e.g. as
a chain, as a precursor molecule. This growth mode can serve as a start-
ing point of the growth of self assembled graphene structures. The controlled
growth of graphene nanoribbons could be attempted in this way. A multitude
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theoretical predictions and applications could be tested on these nanoribbons,
especially if they could be transfered to a wafer (see chapter 2).
The determination of the structure of the aligned graphene on Ir(111) (see
section 4.3) is advanced in the surface plane, but the out of plane direction
is still subject to research with X-ray standing wave measurements and DFT
calculations to get an understanding of the energy contributions of different
binding mechanisms. The rotated phase is not systematically investigated,
neither for its detailed structure nor for its interplay with the substrate.
Another structural feature, which is worth looking into is the interaction
of the graphene layer with an adjacent step edge. This interaction plays
an important role for the electronics of small graphene structures, because
a significant part of the electronic states is localized at zig-zag edges. As
discussed in section 2.1.3 the structure of the edges is very important for
the band structure of graphene nanostructures. Given the bad conductivity
of graphite along the c-axis and the low apparent height of graphene in the
STM, the edge may be the actual contact for charge to flow into a graphene
device.
Metal cluster superlattices also offer a wealth of possible follow up projects.
From a fundamental point of view the binding mechanism of clusters to the
graphene lattice is especially intriguing. The sp2 to sp3 rehybridization under
the cluster is still to be proven experimentally. Furthermore the criteria for
a suitable cluster material are still based on a crude model. A theoretical
understanding could guide the search for new cluster materials.
The initial growth of clusters and their diffusion on the moire´ is an inter-
esting topic. The measurements of effective diffusion parameters (see chapter
6) suggest very low frequency prefactors. It stands to analyse, if these fre-
quencies can be explained with transition state theory.
Knowing the exact size of a cluster allows to measure its properties with
STM and STS. Particularly interesting are possible electronic levels or the
isomer transformations
Cluster superlattices from magnetic materials offer a look into magnetism
of small structures. The clusters might have a high magnetic anisotropy
because of the selective binding of only a few atoms. An interaction between
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clusters of a superlattice could be RKKY mediated.
The growth of graphene on a different face of Ir could lead to moire´ struc-
tures with a different non hexagonal symmetry. If this hypothetical structure
could harbour clusters as well, then the magnetic interactions on two lattices
symmetries, e.g. with an without intrinsic frustration, could be compared.
A very promising field are the expected catalytic properties of cluster lat-
tices made from e.g. Pt or Pd. The interest in catalytic properties comprises
chemistry at the solid/gas and at the solid/liquid interface, the latter espe-
cially with respect to electrochemistry.
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A Frequently used
abbreviations
AFM atomic force microscopy
ARPES angular resolved photo emission microscopy
BLAG buffer layer assisted growth
CVD chemical vapor deposition
DFT density functional theory
FOV field of view
HOPG highly oriented pyrolytic graphite
HR-TEM high resolution transmission electron microscopy
HV high vacuum
LEEM low energy electron microscopy
PEEM photo electron emission microscopy
SEM scanning electron microscopy
STM scanning tunneling microscopy / scanning tunneling microscopy
STS scanning tunneling spectroscopy
TEM transmission electron microscopy
TPG thermal programmed growth
210 Frequently used abbreviations
XPS x-ray photoemission spectroscopy
UHV ultra high vacuum
XMCD x-ray magnetic circular dichroism
B The band structure of
graphene
The derivation of the band structure of graphene in the tight binding approx-
imation has been calculated by Wallace in 1947. The derivation shown here
uses a different set of basis vectors, which simplifies the resulting Hamilto-
nian. Although the eigenvalues are, of course independent of the basis, the
form of the operators changes with the applied basis. An derivation with the
basis used by Wallace and the one used here can be found in [56].
The lattice is shown in fig. B.1. One atom (A) is in the corner of the
unitcell and atom B is below. The distance of the atoms is a and the lattice
vectors are
~a1 =
a
√
3
2
xˆ+
3a
2
yˆ (B.1)
~a2 = −a
√
3
2
xˆ+
3a
2
yˆ (B.2)
(B.3)
In the tight binding approximation the eigenfunction Ψk(~r) is:
Ψk(~r) = cA(~k)ΨA,k(~r) + cB(~k)ΨB,k(~r)
=
1√
N
∑
j
ei
~k ~Rj
(
cA~kφ(~r − ~RAj ) + cB~kφ(~r − ~RBj )
)
Here, j = (n,m) is the unit cell, ~Rj its location ~R
A
j (~R
B
j ) the position of atom
A (B) in that cell while φ(r) is the wave function of an electron at a single
atom. Due to the chosen description ~RAj = ~Rj and ~R
B
j = ~Rj − ayˆ.
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Figure B.1: Hexagonal honeycomb lattice of graphene (a) and its band
structure (b). In (b) the equal energy contours are drawn, and the Bril-
louin zone (BZ) is indicated by dashed lines. The Dirac points K and K are
marked by arrows, and the reciprocal lattice vectors ~a∗1,~a
∗
2 are also drawn.
From [56]
The model allows electrons to travel to neighboring atoms only. This leads
to the Hamiltonian:
H = −t
∑
〈i,j〉
(|φAj 〉 〈φBi |+ |φBi 〉 〈φAj |)
where 〈i, j〉 denotes the sum over all nearest neighbors. The wavefunction
Ψk(~r) is an eigenfunction of H if H |Ψk〉 = ǫ(~k) |Ψk〉. To find the coefficients
cA(~k) and cB(~k) we evaluate
〈φAi | ǫ(~k) |Ψk〉 = 〈φAi |H |Ψk〉 (B.4)
〈φBi | ǫ(~k) |Ψk〉 = 〈φBi |H |Ψk〉 (B.5)
The ǫ(~k) in the left part of equations B.4 and B.5 is a scalar, so it can be
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extracted:
〈φAi | ǫ(~k) |Ψk〉
= ǫ(~k) 〈φAi | |Ψk〉
= ǫ(~k)
∞∫
−∞
φ(~r − ~RAi )
1√
N
·
∑
j
ei
~k ~Rj
(
cA(~k)φ(~r − ~RAj ) + cB(~k)φ(~r − ~RBj )
)
d3~r
=
1√
N
∞∫
−∞
ei
~k ~RjcA(~k)φ(~r − ~RAj=i)2d3~r +mixed terms
The mixed terms contain
∫
φ(~r − ~RXi )φ(~r − ~RYj )d3~r with i 6= j or X 6= Y .
This integral is negligible [5]. This means:
〈φAi | ǫ(~k) |Ψk〉 =
1√
N
ei
~k ~RjcA(~k)
∞∫
−∞
φ(~r − ~RAi )2d3~r
〈φBi | ǫ(~k) |Ψk〉 =
1√
N
ei
~k ~RjcB(~k)
∞∫
−∞
φ(~r − ~RBi )2d3~r
To evaluate the right part of B.4 and B.5, we have look at H first. The
Hamiltonian translates a vector 〈φAi=(n,m)| to the sum −t(〈φB(n,m)|+〈φB(n+1,m)|+
〈φB(n,m+1)|) and a vector 〈φBi=(n,m)| to the sum −t(〈φA(n,m)| + 〈φA(n−1,m)| +
〈φA(n,m−1)|). This allows one to solve
〈φAi |H |Ψk〉
= −t (〈φB(n,m) ∣∣Ψk〉+ 〈φB(n+1,m) ∣∣Ψk〉+ 〈φB(n,m+1) ∣∣Ψk〉)
= −tcB(~k) 1√
N
(
Iφe
−i~k ~Ri + Iφe−i
~k( ~Ri+~a1) + Iφe
−i~k( ~Ri+~a2)
)
〈
φBi
∣∣H ∣∣Ψk〉
= −t (〈φA(n,m) ∣∣Ψk〉+ 〈φA(n−1,m) ∣∣Ψk〉+ 〈φA(n,m−1) ∣∣Ψk〉)
= −tcA(~k) 1√
N
(
Iφe
−i~k ~Ri + Iφe−i
~k( ~Ri−~a1) + Iφe−i
~k( ~Ri−~a2)
)
with the shorthand notation Iφ =
+∞∫
−∞
φ(~r − ~RAi )∗φ(~r − ~RAi )d3~r =
+∞∫
−∞
φ(~r −
~RBi )
∗φ(~r− ~RBi )d3~r for the intergral over the atomic wave function. Equations
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B.4 and B.5 can now be written as
cA(~k)ǫ(~k) = cB(~k)
(
1 + e−i
~k~a1 + e−i
~k~a2
)
cB(~k)ǫ(~k) = cA(~k)
(
1 + ei
~k~a1 + ei
~k~a2
)
With f(~k) =
(
1 + e−i~k~a1 + e−i~k~a2
)
the Hamiltonian can also be written as:
H(~k) = −t
(
0 f(~k)
f(~k)∗ 0
)
We use the characteristic polynomial to determine the actual value of the
energy eigenvalue ǫ(~k):
det(H− Eǫ(~k) = 0
det
(
ǫ(~k) −tf(~k)
−tf(~k)∗ ǫ(~k)
)
= 0
ǫ(~k)2 − t2f(~k)∗f(~k) = 0
ǫ(~k)2 = ±t2
(
1 + e−i
~k~a1 + e−i
~k~a2
)(
1 + ei
~k~a1 + ei
~k~a2
)
ǫ(~k)2 = ±t2
(
3 +
ei
~k~a1 + e−i
~k~a1
ei
~k~a2 + e−i
~k~a2
ei
~k(~a1−~a2) + e−i
~k(~a1−~a2)
)
With B.1 and B.2 the vectors ~a1 and ~a2 can be split into components:
ǫ(~k)2 = t2
(
3 +
ei(kx
a
√
3
2
+ky
3a
2
) + e−i(kx
a
√
3
2
+ky
3a
2
) +
ei(kx
−a
√
3
2
+ky
3a
2
) + e−i(kx
−a
√
3
2
+ky
3a
2
) +
eikxa
√
3 + e−ikxa
√
3
)
= t2
(
3 + 2 cos
(
kx
a
√
3
2
+ ky
3a
2
)
+ 2 cos
(
kx
a
√
3
2
− ky 3a
2
))
215
because eiϕ + e−iϕ = 2 cosϕ. Furthermore, with 2 cos(ϕ1) cos(ϕ2) = cos(ϕ1 +
ϕ2) cos(ϕ1 − ϕ2) the energy dispersion ǫ(~k) is:
ǫ(~k) = ±t
√
3 + 4 cos(kx
a
√
3
2
) cos(ky
3a
2
) + 2 cos(kxa
√
3)
A plot of this well known band structure with the dirac cone at the k-points
is shown in fig. 2.1
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C Deutsche Zusammenfassung
/ German short summary
Graphen, abgeleitet von Graphit (Betonung auf der zweiten Silbe), ist eine
zweidimensionale Modifikation des Kohlenstoffes in sp2 Bindungskonfigu-
ration, a¨hnlich einer Atomlage aus einem Graphitkristall. Graphen hat
außergewo¨hnliche elektronische Eigenschaften, deren Entdeckung ein breites
Interesse fu¨r Graphen in der Festko¨rperphysik ausgelo¨st hat. Nachdem die
ersten Experimente mit Graphen an aufwending aus Graphit herausgelo¨sten
Flocken durchgefu¨hrt wurden, hat sich in den letzten Jahren eine weiter
Methode der Graphenherstellung etabliert: Das epitaktische Wachstum auf
Oberfla¨chen.
Diese Arbeit untersucht das epitakische Wachstum von Graphen auf
Ir(111), seine Struktur und den Einsatz dieser Struktur als Schablone fu¨r
das Wachstum von regelma¨ßig angeordneten Clustergittern. Die Messungen
wurden im Ultrahochvakuum mit Rastertunnelmikroskopie und niederener-
getischer Elektronenmikroskopie (LEEM) durchgefu¨hrt.
Graphen wurde mit zwei Methoden hergesellt: I. Temperaturgesteuertes
Wachstum (thermal programmed growth, TPG) ist die Abscheidung einer
Monolage eines Kohlenwasserstoffes, hier meist Ethylen, auf der Ir(111)
Oberfla¨che bis zur Sa¨ttigung und seiner anschließenden Pyrolyse durch Er-
hitzen der Probe auf eine bestimmte Temperatur. Diese Temperatur bes-
timmt die Morphologie der Oberfla¨che. Es lassen sich Graphenflocken mit
einer typischen Gro¨ße zwischen 20 und einigen hundert A˚nsgtro¨m herstellen.
II. Mit chemischer Gasphasenabscheidung (chemical vapor deposition, CVD),
also hier der thermischen Spaltung von Ethylen auf der heißen Oberfla¨che der
Probe, la¨sst sich eine volle Monolage Graphen auf Ir(111) wachsen. Ein der
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CVD vorgelagerter TPG-Schritt verhindert das Wachstum von Rotations-
doma¨nen (TPG+CVD).
LEEM Beobachtungen zeigten die Bildung von Falten in Graphen wa¨hrend
des Abku¨hlens nach dem Wachstumsprozess. Durch unterschiedliche
Wa¨rmeausdehnungskoeffizienten von Graphen und Metallen entsteht kom-
pressiver Stress, der sich durch die Faltenbildung teilweise abbaut.
Die Struktur von Graphen auf Ir(111) la¨sst sich als Moire´muster mit einer
Periodizita¨t von 25,3 A˚ beschreiben. Mithilfe dieses Moire´musters kann man
die Gitterkonstante von Graphen auf Ir(111) zu (2, 452 ± 0, 004) A˚ bestim-
men. Die Graphenlage bedeckt die atomaren Stufen des Substrates wie eine
Teppich, ohne daß die atomaren Reihen unterbrochen wa¨ren.
Die Moire´-U¨berstruktur dient als Schablone fu¨r das Wachstum geordneter
Clustergitter. Durch physikalische Gasphasenabscheidung wurden geordnete
Felder von Clustern aus mehreren Metallen (Ir, Pt, W, Re, Au, FeIr, AuIr)
hergestellt. Die Durchschnittsgro¨ße der Cluster kann u¨ber die Menge des
deponierten Metalles gewa¨hlt werden, im Fall von Iridium von 4,5 bis zu
130 Atomen. Die meisten untersuchten Clusterfelder sind auch oberhalb der
Raumtemperatur stabil. Das Abfallen der Clusterdichte la¨sst sich als ther-
misch aktivierter Prozess mit niedrigen Versuchsfrequenzen beschreiben.
Cluster ko¨nnen dabei auf zwei Weisen verschmelzen: Zwei kleine Cluster
ko¨nnen sich in einer Moire´zelle zu einem neuen kompakten Cluster vereinen
oder zwei große Cluster versintern und belegen weiter zwei Zellen ohne kom-
pakt zu werden.
Aus Metallen, die bei Raumtemperatur keine oder nur schwach geordnete
Cluster bilden, konnten bei niedriger Temperatur geordnete Clustergitter
hergestellt werden. Ein weiteres Verfahren ist das ansa¨en von Clustergit-
tern. Hier wird erst ein Gitter aus gut bindendem Material, z.B. Iridium,
hergestellt. Die Cluster dieses Gitters dienen in einem weiteren Depositionss-
chritt dann als Anker fu¨r das zweite Material. So werden bimetallische IrAu
und IrFe Cluster hergestellt.
Außerdem wurde gezeigt, daß sich mit der TPG+CVDWachstumsmethode
die gesamte Probe mit Clustern bedecken la¨sst.
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